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to. Introduction 

During the past decade, enormous progress has 
been made in growing ultrathin organic films and 
multdayer structures with a wide range of exciting 
optoelectronic properties. This progress has been 
made possible by several important advances in our 
understanding of organic fihns and their modes of 
growth. Perhaps the single most important advance 
has been the use of ultrahigh vacuum (TJHV) as a 
means to achieve, for the first time, monolayer 
control over the growth of organic thin films with 
extremely high chemical purity and structural 
precision.* -3 Such monolayer control has been pos- 
sible for many years using well-known techniques 
such as Langmuir-Blodgett film deposition/ and 
more recently, self-assembled monolayers from solu- 
tion have also been achieved.^ However, ultrahigh- 
vacuum growth, sometimes referred to as organic 
molecular beam deposition (OMBD) or organic 
molecular beam epitaxy (OMBE), has the advantage 
of providing both layer thickness control and an 
atomically clean environment and substrate. When 
combined with the ability to perform in situ high- 
resolution structural diagnostics of the films as they 
are being deposited, techniques such as OMBD have 
provided an entirely new prospect for understanding 
many of the fiindamental structural and optoelec- 
tronic properties of ultrathin organic film systems. 
Since such systems are both of intrinsic as weU as 
practical interest, substantial effort worldwide has 
been invested in attempting to grow and investigate 
the properties of such thin-film systems. 

This paper is a review of recent progress made in 
organic thin films grown in ultrahigh vacuum or 
using other vapor-phase deposition methods. We wiD 
describe the most important work which has been 
published in this field since the emergence of OMBD 
m the mid.l980s. Both the nature of thin-film 
growth and structural ordering will be discussed, as 
well as some of the more interesting consequences 
to the physical properties of such organic thin-film 
systems will be considered both ftx)m a theoretical 
as well as an experimental viewpoint. Inde d. it will 
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be a major objective of this review to place the 
importance of ultrahigh vacuum deposition in con- 
text. As of this writing, there remains considerable 
discussion as to the necessity for the use of ultrahigh 
vacuum, and the implication of the need for ultrahigh 
purity. For example, the attraction of organics for 
many applications often hinges on the l^lief that 
material purity is not important, thus allowing for 
the realization of devices which are comparatively 
simple to fabricate and process. These arguments 
will be considered, and we will attempt to address 
their importance in various applications. 

Beyond the use of UHV to achieve extreme chemi- 
cal and structural control over organic thin films, it 
is useful to consider the ultimate motivations for 
embarking on such a difficult and expensive research 
endeavor. Perhaps the most compelling reason for 
studying organic nanostructures stems from the 
promising scientific and technological results of 
similar research performed over a span of 25 years 
in conventional semiconductor heterojunctions grown 
by the analogous UHV process of molecular beam 
epitaxy (MBE).® By controlling inorganic semicon- 
ductor thin film thickness and structure, a wide 
range of useful and interesting devices based on 
multiple quantum wells (MQWs) have been demon- 
strated including low-threshold current laser diodes, 
low-noise avalanche photodetectors, and high-band- 



width optical m<>dulator8.^'**' iTie advantag^us 
properties of these MQW structures stems from tw 
factors controlled by the precision of the epitaxial 
growth process employed: the density of conduction 
and valence band states (leading to low laser thresh- 
old currents*^ and the quantum confined Stark ef- 
fect*^ employed in optical modulators), and the 
heterojunction energy band offsets between contact- 
ing materials of different composition (leading to the 
control of current transport). Considerable work in 
organic thin films has likewise been directed toward 
achieving these same goals, striving to tailor the 
materials properties via control of the densities of 
states and the energy band offsets between differing 
materials. In addition to these objectives, organic 
materials in their infinite variety have also been 
investigated for their application to nonlinear 
optics"'^® and other optoelectronic devices.*^^ In- 
deed, progress in the growth of organic thin-film 
nanostructures by UHV techniques such as the 
demonstration^-^ of organic MQWs has spawned 
considerable theoretical work, predicting completely 
new nonlinear optical phenomena in organic/organic 
and organic/inorganic MQW structures.^'^s Hence, 
we find ourselves at the threshold of realizing an 
entirely new class of materials, offering nearly un- 
precedented op|k)rtunities for extending our under- 
standing of the fundamental properties of a large 
class of materials— nanostructured organic molecular 
crystals. These structures, in turn, promise to have 
many new and useful properties which will undoubt- 
edly be heavily exploited well into the next century. 
Even at this relatively early stage of development, 
vacuum-deposited heterojimction *'small molecules- 
based organic light-emitting devices are being com- 
mercially introduced as the light sources in novel, 
bright, flat panel displays.^*32 'j^e applications for 
such vacuum-deposited organic materials is limited 
mainly by our ability to control composition and 
structiure of the resulting thin films. 

The study of vapor-deposited organic films has 
been applied to a vast array of molecular systems. 
However, most of the work which has made the 
greatest impact to date has concentrated on the study 
of the growth and optoelectronic characteristics of 
planar stacking molecules such as the phthalocya- 
jijjjgg 18.21.33.34 polycyclic aromatic compoimds 
based on naphthalene and perylene. In particiilar, 
a molecular system based on perylene— the planar 
stacking 3,4,9,10-perylenetetracarboxylic dianhy- 
dride (PTCDA)— has become the focus of considerable 
attention in both oxu* own laboratory as well as many 
laboratories worldwide.^"*^ For this reason, much 
of the discussion will focus on the growA and 
properties of the Pc's and aromatic compounds based 
on naphthalene and perylene which can be treated 
as archetypes of a larger class of planar stacking 
molecules which behave in analogous, although not 
necessarily identical, ways to each other. In addition, 
some recent results with more imusual materials 
such as organic salts, and other highly polar com- 
povmds will be discussed. 

This review is organized as follows: In section 2, 
the technology of ultrahigh- vacuum growth of organic 
thin films will be discussed, followed by section 3 



where the growth modes of organic thjn films will 
be discussed. We* will place the various forms of 
epitaxy, in particular van der Waals epitaxy and the 
newly discovered quasi-epitaxy in tixe context of 
conventional epitaxy as it applies to inorganic czys- 
talline systems. The relative importance of purity 
and structural control will also be considered in this 
section. In section 4, we will review recent results 
on the optical and electronic properties of ultrathin 
organic films grown from the vapor phase. In par- 
ticular, exciton confinement and charge transfer in 
ultrathin multilayer stacks will be discussed from 
both theoretical as well as experimental viewpoints. 
In section 5 we will consider several emerging ap- 
plications for vapor-deposited organic thin films such 
as for nonlinear optical and electroluminescent de- 
vices. Finally, in section 6 we will summarize the 
recent findings in the field, and discuss the future 
prospects of vapor-deposited thin organic films both 
as they relate to improving our fundamental under- 
standing of these condensed matter systems, as well 
as to their prospects for use in advanced device 
applications. 

2.0. Techniques for UHV Growth of Organic Thin 
Films 

The most common means for the OMBD growth of 
organic thin films is to use an ultrahigh-vacuum 
apparatus such as that shown in Figure 2-1 which 
is similar, in many respects, to conventional molec- 
ular beam epitaxial growth systems. TypicaDy, 
growth occurs by the evaporation in a background 
vacuum ranging fi-om 10"^ to 10"" Torr of a highly 
purifi d powder or, less frequently, a melt of the 
organic source material irom a temperature-con- 
trolled oven or Knudsen cell.® (It is customary to 
quote pressures in UHV environments using units 
f T rr, where 1 Torr = 1 mmHg, or in SI units of 
Pascal, where 1 Pa = 1 N/m^. The conversion 
between these conventions is 1 Pa = 7.5 x 10"^ Torr. 
For this review, all pressures will be given in units 
of Torr.) The evaporant is coUimated by passing 
through a series of orifices, after which it is deposited 
on a substrate held perpendicular to the beam 
approximately 10-20 cm from the source. The flux 
of the molecular beam is controlled by a combination 
of oven temperature (which is maintained somewhat 
above the sublimation temperature of the source, and 
well below its chemical decomposition temperature), 
as well as a mechanical shutter which can switch the 
beam flux from "on" to "ofT. By sequentially shut- 
tering the beam flux fi^m more than one Knudsen 
cell, multilayer structures consisting of alternating 
layers of different compounds can be grown by this 
method. Indeed, using sequential shuttering, organic 
multilayer structures such as multiple quantum 
wells have been demonstrated." ^4 

Typical growth rates range from 0.001 to 100 A/s. 
Since the monolayer (ML) thickness is fi^m 3 to 5 A, 
these rates correspond to from 0.7 ML/h to 30 ML/s. 
Ilie lower radofthis range has a dangv . 
cont aminan ts nto tlM surf ace at a higher rate than 
the organic m lecules, whereas at the U^er rates, 
growth is' eztrem ly difficult to control For these 
reasons, most reliable growth data have been ob- 
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tained at rates of from 0.1 to 5 A/s. Growth rate is 
measured using a quartz crystal thickness monitor 
of the type used in metal thin-film deposition. Be- 
tween growth runs, the Knudsen cell is oflen main- 
tained at somewhat below the material sublimation 
temperatiu*e in order to continuously outgas the 
source. In this manner, very high purity source 
materials can be achieved and maintained over long 
periods of time. We speculate that the UHV storage 
of the source material at elevated temperatures is a 
key factor in eliminating impurities and moisture 
which lead to film defects during growth.. 

Substrate temperature is also an important vari- 
able in determining film structure. A typical 
range of growth temperatxires is fi^m 80 to 400 K. 
Note that at lower temperatures, impurities tend to 
quickly adsorb onto the substrate. This is particu- 
larly important when growth occurs at only modest 
background pressures. Under almost all substrate 
temperatiu'es employed for organic film growth, we 
assume that the molecules have a sticking coefficient 
equal to unity-that is, all molecules striking the 
substrate siuface adhere to that surface. This situ- 
ation results since the molecules are large and the 
substrate temperature is maintained weU below the 
desorption temperature. However, some researchers 
have used substrate temperature control to tune the 
desorption rate, thereby enabling controlled growth 
of monolayers of some organic molecular materials.^ 
One signific^int advantage of using UHV is that 
numerous in situ film diagnostics can be employed 
both during and immediately after growth.® Many 
growth chambers are equipped with reflection high 
energy electron diffraction (RHEED) to allow for in 
situ determination of the thin-film crystalline struc- 
tuie.^2.53 addition, residual gas analysis (RGA) can 
be employed to determine the molecular species 
within the chamber diuing growth, as well as to 
determine the energy of film-substrate adhesion 
using thermal desorption spectroscopy (TDS).** Other 
diagnostics include low-energy electron diffraction^-^ 
(LEED), which typically is done in a chamber at- 
tached to the growth system due to the incompatible 
geometries of the growth and LEED equipment. 
PinaUy, many other vacuiun analysis techniques such 
as UHV scanning tunneUng microscopy*^-^ (STM), 
Auger electron spectroscopy, in situ ellipsometry, etc. 
have all been employed in conjunction with OMBD 
simply by installing the appropriate equipment in a 
chamber which is connected via a vacuum feedthrou^ 
to the growth chamber. 

Hence, OMBD growth of thin organic films has lead 
to significant advances in otir understanding of 
growth dynamics as well as fundamental optoelec- 
tronic properties of ultrathin organic molecular crys- 
tals (OMCs) due to the hig^l control afforded over the 
grown structure, the assurance of high material 
purity, and the ability to incorporate many powerful, 
in situ diagnostics into the growth system. Many of 
these same advantages have been used with great 
effectiveness in growing extremely high quality in- 
organic semiconductors such as GaAs and InP using 
molecular beam epitaxial techniques. It is not un- 
reasonable to assume that similar advantages can 
stem from the use of UHV techniques applied to the 
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Figure 2*1. (a) Cross-sectional view of the organic molecular beam deposition chamber. The rotating substrate h Ider 
can be temperature controUed between 80 and 900 K using a combination of liquid nitrogen cooling and boron nitride 
heating elements, (b) Layout of the combined OMBD and gas source MBE system in the author's laboratory. There are 
two chambers for organic growth (OMBD-I and -II), and the MBE chamber is used for the growth of InP-based materials 
and organic/inorganic heterojunctions. Other chambers include sputtering and electron beam deposition for contact 
fabrication, and an in situ analysis chamber. 



growth of OMC thin films, particularly since, as we 
will show, many of the constraints of lattice matching 
which have limited the materials combinations ac- 
cessible in inorganic semiconductor systems are 
significantly relaxed in the case of organic thin films. 
Of course, the nearly infinite variety of molecular 
compounds available also make OMBD growth of 
such films a very promising area of investigation. 

2.1. Purification of Source Materials 

Purification of source materials is essential for 
assuring that the grown thin film is reasonably free 
of impurities.^^*®° Furthermore, purification is re- 



quired to prevent contaminants from entering the 
high vacuum chamber which might result in a high 
background pressure, as well as a constant source of 
contamination of the subsequently grown films due 
to outgassing from the deposits in the chamber itself. 
There are several techniques for purification, includ- 
ing gradient sublimation,^® zone refining from the 
melt,®^ chromatography etc. Although the high- 
est purity organics have been achieved via zone 
refining,®^ ®^ gradient sublimation is the most useful 
means for purification of the powders employed in 
OMBD since most of these compounds do not have a 
liquid phase at atmospheric pressure or bel w.^^^ 
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Figure 2-2. Schematic diagram of the apparatus used in thermal gradient sublimation of organic materials as a means 
to achieve high purity prior to OMBD growth (from ref 450). 



Gradient (or train) sublimation purification pro- 
ceeds as follows: He source materials (such as 
PTCDA or Copper phthalocyanine, CuPc) as obtained 
from a commercial source or fix>m laboratory synthe- 
sis are successively purified prior to loading the 
source materials into the ultrahigh vacuum deposi- 
tion system. Typically, several grams of powdered 
source material are loaded into the end of a 60 cm 
long glass tube. A glass sleeve is then placed inside 
the tube to capture the sublimed material, followed 
by a wad of glass wool placed at the open end of the 
tube to prevent the source material from contaminat- 
ing the pimtiping chamber (see Figure 2-2). The tube 
is evacuated to <1 x 10"® Torr using a turbomolecu- 
lar or other dry pump, and the end containing the 
organic source material is inserted into a furnace. 
The temperature of the furnace is gradually in- 
creased imtil the sublimation point of the material 
is reached (approximately 400 *C for PTCDA, and 
300 °C for CuPc); a process typically taking several 
days. Purified organic crystals grow on the inside 
wall of the glass sleeve in the warm zone of the 
furnace, while more volatile impurities are evacu- 
ated. Nonvolatile impurities are left at the hottest 
end of the glass tube. The glass sleeve insert is then 
removed, and the crystals are extracted to be used 
as the source material for the second purification 
cycle. Before loading the source materials intx> the 
OMBD system, organic compounds are often purified 
in multiple cycles using this method. By the end of 
the process, ^^50% of the original source material has 
been removed, and the background pressure of the 
sublimation system is -^10"^ Torr. The purified 
materials can then be loaded immediately into the 
OMBD effusion cells where they are continuously 
maintained in UHV at elevated temperatures await- 
ing growth. 

2.2. Maintaining Purity during Film Growth 

Growth in a UHV environment assures that a 
minimal density of impiuities and defects will be 
incorporated into the film. To our knowledge, there 
is no other f rm of growth of thin films which can 
assure the low levels of contamination inherent in 



the OMBD process. However, as noted above, the 
degree to which impurities are adsorbed onto the 
substrate surface depend on the quahty of the 
vacuiun. Hence, the impurity incorporation rate 
should be substantially less than the film growth 
rate. By using simple kinetic theory to estimate the 
impurity adsorption rate, the time for a monolayer 
of background gas atoms of mass, m, to be adsorbed 
onto a substrate surface is^: 



X - N,^(2mnkT)'^/P 



(2.1) 



where is the density of surface atoms required to 
form a complete monolayer, ? is the atomic sticking 
coefficient, P is the background pressure, k is Bolt- 
zmann's constant, and T is the temperature. Assum- 
ing that the principal residual gas in a vacuum 
system is nitrogen ? = 1, and foriV, = 10" molecules/ 
cm^, then the time required to adsorb a monolayer 
is r 3 min at a background pressure of 5 x 10*® 
Torr, and 30 min at 5 x 10"" Torr. Hence, to 
minimize the incorporation of impurities even at very 
high vacuums, it is important to employ the fastest 
growth rate possible which is compatible with achiev- 
ing the desired film structure and thickness control. 
Practical growth rates thus lie in the range of 0.1 to 
5 ML/s, which is similar to that used in the MBE 
growth of inorganic semiconductors . 

We note that the effects of impurities in organic 
thin films are not equivalent to their effects in 
conventional semiconductors such as Si or GaAs. In 
these latter materials, impurities often take the form 
of interstitial or substitutional lattice defects which 
provide excess carriers via the formation of energy 
levels lying near to either the valence or conduction 
band edges. Carriers trapped in these "midgap'* 
states are easUy thermahzed and hence strongly 
affect the conductivity of the host semiconductor. 
Most OMCs grown by OMBD, however, are bonded 
by van der Waals (vdW) forces, and hence impurities 
do not t3rpically share valences with crystalline 
energy bands. The defects, therefore, are generally 
interstitial, with very tight binding of the excess 
carriers at these localized sites. H wever, we point 
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Figure 2^. (a) Steady-state mobility vs deposition rate 
of a 1000 A thick film of PTCDA grown on a 0.5 W cm p-Si 
substrate at a substrate temperature of 29.*^ K (from ref 
^n^K niobility in the PTCDA layer as a function of 
i'lLUA film deposition temperature. The mobihties are 
obtained !rom fits to current- vol t^igc data for films of 
different thicknesses grown on p-Si substrates (from ref 

out that some interstitial defects can be electrically 
active. A well-known example is 02" in CuPc, where 
the O2 forms a complex with the Cu thereby providing 
a high density of holes to the crystal. 

More typically, impurities in organic thin films 
disrupt the regular stacking habits of the molecules. 
These point defects can thus significantly reduce the 
charge carrier mobility, as has been observed in 
vacuum deposited films of PTCDA. This is apparent 
m Figure 2-3, where charge mobility is plotted as a 
function of deposition rate*^ (Figure 2-3a) and sub- 
strate temperature (Figure 2-3b).i It has previously 
been found that at room temperature, hi^ deposition 
rates of this particular material can lead to a higher 
degree of stacking order, as does a lower substrate 
temperature (see section 3.3.2). Hence, we can infer 
from these data that stacking faults in closely spaced 
planar molecular systems such as PTCDA can lead 
to a reduction in carrier mobility. Impurity incor- 
poration leading to film disorder can also have 
similar effects on the residting materials properties. 

In contrast, individual atomic impurities may not 
be sufficiently large to induce stacking faults. Po- 
tentially more deleterious crystal defects can result 
from large molecular impurities present in improp- 
erly purified source material, or even from large 
molecular fractions which result from source mol- 
ecul decomposition on heating during the sublima- 
tion process. The presence of such fractions does not 




Figure 2-4. Electron diffraction patterns of GaPcCl films 
grown under (a) 5 x 10-« Torr and (b)3 x lO'^ Torr (from 
ref 66). Note the streaks which are evident in the low 
vacuum sample a as opposed to the spots indicating a 
higher degree of orientation in the high vacuum sample b. 

depend on the quality of vacuum during deposition, 
but rather are a function of conditions used during 
purification and evaporation. Nevertheless, it has 
been shown that the crystalline quality of the depos- 
ited film is directly dependent on the base vacuum 
of the system. Tanigaki et al^ have compared the 
crystalline structure of films of GaPcCI grown at a 
rate of 0.5 A/min on (OOl)KBr under base vacuums 
of 5 X 10-« and 3 X 10-» Torr. In Figure 2-4 we show 
the electron diffraction patterns of thin films grown 
under these two conditions. At the lower base 
vacuum (Figure 2.4a). the pattern shows streaks 
which are characteristic of some azimuthal disorder 
of the film, whereas at higher vacuums (Figure 2-4b), 
the more sharply defined diffraction spots indicate a 
correspondingly higher degree of orientational order. 

In a series of experiments in our own laboratory, 
PTCDA was deposited on highly oriented pyrolitic 
graphite (HOPG) in a conventional, bell jar metal 
deposition system. » This turbo-pumped system had 
a base pressure of lO"" Torr, and the crystalline 
powder source materials were loaded into baffled. Mo 
boats prior to deposition. While it was found that 
high-resolution STM images of monolayer films could 
always be obtained from films deposited using the 
UHV-OMBD system, no clear images could be ob- 
tained for similar fihns deposited in the bell jar 
system. Instead, thin films deposited in the lower 
vacuum bell jar system appeared to clump into 
islands several monolayers in thickness. While we 
are not certain why this diflFerence in film order is 
observed, we speculate that it is due to impurities 
mcorporated during growth from the lower vacuum 
apparatus, along with the presence of moisture in the 
source material. Given that some of the materials 



used are hygroscopic, water molecules ipay serve as 
tryslal nucleation sites, leading to island growth. 
Maintaining the source material at elevated temper- 
atures in UHV for long periods, as is done in the 
OMBD chamber, tends to eliminate moisture, result- 
ing in higher purity source material and hence higher 
quality monolayer films. This vacuum storage leads 
to thorough drying and outgassing of the source, 
possibly achieving material purity over the long term 
far exceeding that which is at first obtained in the 
th rmal gradient purification process. This purifica- 
tion and maintenance of high material cleanliness 
cannot be achieved in conventional high-vacuum 
systems, where a bell jar must be opened between 
runs, thereby repeatedly exposing the source mate- 
rial to atmosphere. 

Finally, we note that there is considerable variation 
as to the type of pumping used to achieve the UHV 
environment common to OMBD systems. Due to the 
volatility of some organic materials, high throughput 
pumps are generally employed. These include dif- 
fusion pumps, turbomolecular pumps, and cry- 
opumps. In our own work, we use a high capacity 
cryopump during growth, with vacuum between 
growths maintained with an ion pump. Tlie chamber 
itself is lined with shrouds which are filled with 
liquid nitrogen to extract more impurities during 
growth. This combination leads to a base pressure 
of 5 X 10"" Torr. even after numerous depositions 
have resulted in a heavy accumulation of organic 
materials on the chamber walls. In our less demand- 
ing work in organic thin-film devices, we employ a 
single turbomolecular pump. In general, oil-contain- 
ing pumps such as diffusion pumps can backstream 
(particularly if the liquid nitrogen trap is not kept 
cold at all times), slowly contaminating the UHV 
environment. Furthermore, many organic materials 
(e.g., tris(8-hydroxyquinolrne)alvuninum, or Alqa) com- 
monly used in organic electroluminescent devices) 
can react with diffusion pump oil, drastically reduc- 
ing the pumping speed after several depositions. 
Nevertheless, many laboratories worldwide employ 
diffusion pumps as their primary means for achieving 
UHV environments due to their low cost and relative 
ease of maintenance. 

3.0. Structure of Organic Thin Films Grown by 
OMBD 

3.1. Definition of Growth Modes 

The key difference between the growth of conven- 
tional semiconductors and organic thin films is the 
relaxation of the requirement for lattice matching 
which, in the former materials systems, significantly 
limits the combination of materials which can be 
grown without inducing a high density of lattice 
defects. For example, due to the strong interatomic 
bonding characteristic of most semiconductor materi- 
als, a close lattice match (typically with strains of ^aJ 
as ^ 10 ' \ where as is the substrate lattice constant, 
Aa - lap - asl, and ar is the lattic constant f the 
thin film) is required when growing films thicker 
than some critical value (dc ) to avoid the creation of 
a very high density of misfit dislocations.**" While 
such mismatched epitaxy can occasionally be useful 



for device applications,^ typically the carrier life- 
times and leakage currents which result from the 
high defect densities are unacceptable, thereby se- 
verely restricting the range of materials accessible 
to the device engineer. On the other hand, by 
reducing the cohesive force of the adlayer to the 
substrate, it has been found that crystalline order can 
be achieved even though the two contacting materials 
are highly strained, with Aa/a exceeding several 
percent in some cases. The materials which fall into 
this class are typically bonded by van der Waals 
(vdW) forces, and are known as "layered" or vdW 
solids.®^ Perhaps the largest single class of vdW 
solids are OMCs such as anthracene, perylene, the 
phthalocyanines and their derivatives. 

While the properties of OMCs have been studied 
for over 50 years, it has only recently been observed 
that excellent structural ordering can be achieved by 
deposition on a wide range of substrates, sometimes 
without regard for the degree of strain between the 
film and the substrate.^ 23 37 There has been consid- 
erable experimental and theoretical investigation of 
OMBD growth resulting in ordered thin films, al- 
though currently there is no detailed understanding 
of the range of materials (both film and substrate), 
and conditions under which long-range structural 
ordering can be achieved. Indeed, only a loose 
understanding of the nature of the substrate/ad- 
sorbed layer interaction in such vdW-bonded systems 
has led researchers to term ordered grovirth of OMCs 
variously as "epitaxy^r "quasiepitaxy ',2^ and "van der 
Waals epitaxy",®^ 

Epitaxy, as in the case of inorganic materials, 
refers to systems where there is a one-to-one com- 
mensurate relationship between the molecular posi- 
tions in the deposited layer and the substrate. For 
OMCs, there are two types of epitaxy: conventional 
epitaxy where the molecules are chemisorbed onto 
the substrate surface^ and van der Waals epitaxy 
(vdWE) where physisorption involving only vdW 
bonding dominates. '° Slight mismatches between the 
substrate and film lattices results in "strained vdWE", 
although for highly strained growth, epitaxial struc- 
tures tend to relax at a critical thickness (dc), thereby 
generating defects. Epitaxy tends to occur as a result 
of equilibrium growth conditions, and depending on 
the relative strengths of the adsorbate-adsorbate, 
and adsorbate-substrate interactions, the layer grows 
via one of three modes'^ illustrated in Figure 3-1: 
layer-plus-islands (Stranski-Krastanov), layer-by- 
layer iFrank-van der Merwe), and island growth 
(Volmer-Weber). Due to the requirement for com- 
mensurability, it is difticult find OMC/substrate 
combinations leading to unstrained vdWE, in which 
case Stranski-Krastanov growth tends to be the 
most frequently observed mode. 

In contrast, quasiepitaxial (QE) structures are 
those in which the substrate and film are incom- 
mensurate over any meaningftil lattice length scale. 
Neverthel ss, there can be a well-defined orienta- 
tional relationship between th film and substrate 
lattices resulting in azimuthal order, and in some 
cases residual stress develops in the film as it 
conforms to the substrate lattice (strained QE). Th 
most interesting feature of strained QE films is that 
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Figure 3-1. Various modes of epitaxial growth: <a) layer- by- layer (Frank -van der Menve). (b) layer-plus-island (Stranski- 
Krastonov). and (c) island (Volmer- Weber). The horizontal lines on the epitaxial layers schematically represents individual 
atomic or molecular layers. 

lent or ionic bonding, the energies range from 100 
meV to ^SeV/atom.** Unstrained, epitaxial growth 
corresponds to Aa/a = 0. The curved line schemati- 
cally indicates the strain for a constant critical layer 
thickness:^ as the bond energy increases, strain must 
decrease if <2c is to be maintained at a constant value. 
At higher strains, relaxed polycrystalline or amor- 
phous growth occurs. While dififerent regions of this 
energy/strain plot are occupied by strained vdWE and 
QE, there are also areas of significant overlap. That 
is, for a particular strain energy, strained vdWE or 
QE structures can be attained, depending on the 
growth conditions employed. 

In this section, we wiU discuss examples of OMC 
thin film structures grown into both strained vdWE 
and QE structures. There are, to our knowledge, no 
imambiguous examples of completely unstrained, 
heteroepitaxial VdWE of OMCs, primarily due to a 
lack of suitable substrates whose lattice constants 
and space group are matched to that of the adsorbed 
layer. To distinguish between these growth modes, 
very high resolution materials characterization is 
needed. Unfortunately, given the inherent fragility 
of many of the materials used, and the tmusual 
structural nature of the resulting films, very few 
high-resolution tools have been developed, and few 
films have been completely characterized. To date, 
the most thoroughly studied system is that based on 
the the planar organic molecule, PTCDA, which has 
been the focus of considerable study due to its 
regiilar, planar stacking properties on a variety of 
substrates. This is a particularly interesting 
system on which to focus our attention since both 
epitaxial and QE films of PTCDA have been grown 
under a range of growth conditions. Several phtha- 
locyanine and porphyrin-based systems have also 
received much attention.^ ®^ These and other ex- 
ample materials wiU be used to illustrate the un- 
precedented range of growth modes and structures 
which are accessible via the combination of OMBD 
and organic molecular solid-state systems. 



Strain (Aa/a) 

Figure 3-2. Schematic diagram of modes of epitaxy. 
Epitaxial growth occurs for commensurate lattices while 
QE growth occurs for vdW bonded incommensurate thin 
films. The leftrhand axis corresponds to unstrained growth. 
The curved line represents the boundary between ordered 
and disordered growth assuming a particular value of 
critical thickness, dc* The lower the binding energy is, the 
larger the strain allowed to achieve unrelaxed growth of a 
given thickness, d < (from ref 78). 

they can be distorted fi^m their bulk lattice struc- 
ture, although there is no significant relaxation of 
this distortion with film thickness (i.e., <»). 
Instead, it has been proposed that strain relaxation 
in QE films resiilts from periodic variations in the 
degrees of fi^edom internal to the adsorbate mol- 
ecules and their unit cells.^^ This property of vdW- 
bonded OMCs is a direct result of their very small 
elastic constants. In contrast to vdWE, QE is pri- 
marily achieved under nonequilibrium growth condi- 
tions, and since strain rehef can occur without 
inducing disorder, Frank-van der Merwe as well as 
Stranski-Krastonov growth modes have been ob- 
served.*2.^3.'* 

We not« that QE is related to two phenomena 
previously reported in vdW-bonded solids: "orienta- 
tional epitaxy" of inert gas atoms physisorbed onto 
the surface of graphite'* and the anchoring of liqidd 
crystal molecules onto glass or other prepared sub- 
strate surfaces.'® Indeed, the first report of QE 
ordering also involved OMCs deposited on glass 
substrates,^ suggesting a clear link between these 
phenomena. 

Figure 3-2 is a diagram placing these several 
grov^th modes in relative context.'* The vertical axis 
shows the logarithm of the bond energy to the 
substrate, where vdW bonds are typically in the 
range of 1-10 meV/atom'' (although the binding 
energy/molecule can exceed 1 eV), whereas for cova- 



3^. Epitaxy and van der Waals Epitaxy 

The most extensive studies of epitaxial growth f 
OMC films have concentrated on the phthalocyamnes 
(Pc) layered on ionic substrates such as the alkali 
halides,®"® metals,^ and on passivated surfaces"-**'* 
of Si(lll) and GaAsdll). Other systems consisting 
of Ceo deposited on various substrates such as mica*^ 
and semiconductor substrates^ have also been stud- 
ied in some detail. Typical conditions leading to 
epitaxial growth of planar molecules include low 
growth rates (<0.001 to 0.01 MI^s) and high sub- 
strate temperatures (--100-200 'C, depending on the 
sublimation temperature of the organic molecule). 
These conditions result in the growth of equilibrium 
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Jable 1. Surface Unit Mesh Lattice Constants for Pc's on Diff erent Substrates' (From Refs 83 and 97) 

molecule bulkinm) KBr<nm) KCI(nm) Kl(nm) NaCitnin) MoSaiam) Se-GaAs(ll l)B (nm) H-Si(lll)(nm) 

vopc Tie Ml He Ti? Ti? Tai 

AlPcCl 1.48 1.41 1.50 1.43 1.44 1 38 

PbPc 1.27 1.40 1.41 1.26 

' All distances in nanometers. 
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S'^^D^' (a) Molecular Structural diagram of PbPc. Proposed epitaxial orienUtions of PbPc on (b) NaCl and (c) KBr 
For PbPc on KBr. two different arrangements are proposed: commensurate type A (left), and incommensurate tyne B' 
(right) (from ref 83). ^ 

thin film structures, where the incident molecules film, thereby creating disorder after the growth of 

have sufficient thermal energy afl«r deposition to only a few monolayers.*®-^ In effect, the mismatched 

arrange themselves into their minimum energy con- film relaxes to its bulk structure within 1-5 ML, 

resulting in a rough columnar surface morphology 
Epitaxial moleoilar thin films are typically grown (corresponding to Stranski-Krastanov growth^*). The 
into structures which are determined by the sub- film relaxation prevents the growth of molecularly 
strate lattice rather than by the bulk structure of the flat films with thicknesses beyond only a few mono- 
organic molecular solid itself. Since the substrates layers. 

used are typically inorganic crystals whose structure An example of organic thin-film epitaxy is the 

IS considerably different than the OMC, neither the OMBD growth of PbPc on KBriOOl) and NaCl(OOl) 

lattice constant nor the lattice symmetry of these two as studied using in situ reflection high-energy elec- 

contacting layers are matched. This has two tron difiraction**^ (RHEED). For these experiments 

consequences: due to the flexible nature of the vdW (summarized in Table 1), the growth rate was from 

force responsible for the cohesion of the organic 0.003 to 0.008 ML/s with the substrate maintained 

layers, the structiu^ of the thin fSm can be substan- at room temperature. Figure 3-3a shows the molec- 

tially distorted fi^m bulk. This severe lattice distor- ular structure of PbPc, where the Pb atom forms an 

tion, however, results in a large stress within the out-of-plane pyramid with th surrounding ligands. 
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The PbPc bulk monocUnic lattice fonns a com* 
mensurate square lattice when deposited onto several 
alkali halide crystal surfaces. For example, Figure 
3-3, parts b and c, shows the first ML structure of 
PbPc on NaCl and KBr, respectively, as inferred bom 
the RHEED patterns obtained immediately after 
growth. To the accuracy achieved using RHEED 
(±5%), the lattice constants are considerably different 
in these two cases. For example, for PbPc on NaCl, 
the lattice constant is ap = 1.26 nm (comparable to 
the bulk lattice parameter of 1.27 nm), whereas for 
KBr, this distance is ap = 1.40 nm, or a difference of 
11%. In the case of growth on KCl(OOl), com- 
mensurability is achieved by the PbPc forming two 
equivalent VlOx %/lO-R±18.4* (type B) surface meshes 
with a considerably expanded imit cell of of == 1.41 
nm. Here, we use the conventional notation to define 
molecular surface reconstructions. Thus, (mxn) 
denotes a surface unit mesh which is mxn times 
larger than the underlying lattice. If rotated from 
the underlying lattice by then the notation is 
(m xn)IW*. If the surface mesh is centered on (rather 
than commensurate with) the bulk lattice, the nota- 
tion is c(mx/i). 

On KBr, two different lattices are observed: the 
3x3 (type A) commensurate lattice mesh with ap = 
1.40 nm coexists with a much smaller proportion of 
an incommensurate (i.e., quasi-epitaxial) type B' 
lattice where the PbPc unit ceD is parallel to the [210] 
substrate axis. Many organic materials, such as the 
Pc's, have more than a single structure. Hence, while 
investigations of PbPc do not identify more than a 
single commensurate, but highly strained isomorph, 
we cannot entirely rule out the possibility that a less 
strained (i.e., more commensurate) form of PbPc has 
actuaUy been achieved. Nevertheless, lacking the 
ability for growth of smooth films more than a few 
monolayers thick provides evidence for highly strained 
structures. To accommodate the significantly ex- 
panded PbPc structure when deposited onto KBr, it 
was suggested*^ that the molecules rotate such that 
the phenyl group of one molecule fits into the "lioUow^ 
of an adjacent moleciile to minimize the intralayer 
vdW potential. In all cases discussed, steric conges- 
tion between neighboring molecules causes them to 
minimize their vd W binding energy by rotating about 
an axis normal to the molecular plane, with the 
degree of rotation determined by the size of the 
surface mesh required to achieve commensurability. 
Utilizing the additional degrees of fi^edom within the 
unit cell, the molecules remain paraUel to the sub- 
strate. 

The molecule— substrate bonding is primarily due 
to electrostatic interactions between the metal atom 
with the anion in the substrate lattice. The impor- 
tance of electrostatic interactions in determining 
structure is inferred fix>m extended Huckel model 
calculations, which suggest that a charge of fi^om 0.4 
to 0.6 e is localized on the Pb atom. Hence, the 
restilting epitaxial structure of Pc thin films is 
determined by two factors: strong electrostatic at- 
traction between the adlayer and the substrate, and 
vdW forces within the layer itself which are mini- 
mized by the molecular rotational adjustments noted 
above. The importance of electrostatic attraction to 
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the ionic substrate is apparent when we observt^that 
the lattice constants of the surface unit mesh of 
different organics on the same substrate (e.g., KCI) 
are the same (Table 1), independent of the equilib- 
rium (bulk) constant of the thin film The total strain 
energy increases with film thickness until the epi- 
taxial layer relaxes, resulting in a highly disordered 
structure afler only a few monolayers (typically < 5 
ML, depending on the degree of strain). 

Note that the electrostatically bonded thin films 
are not consistent with the definition of vdWE. In 
some cases, it might be possible to grow one or two 
strained "wetting" layers which are bonded lectro- 
staticaUy, followed by the vdWE or QE growth of 
subsequent layers to form an ordered thin film, 
resulting in Stranski-Krastonov layer-plus-island 
morphology. In one approach to reducing substrate— 
thin film interactions, several Pc molecular systems 
have also been grown on H-terminated Si(lll) and 
Se-terminated GaAs(lll) surfaces using conditions 
similar to those employed for the growth of Pc's on 
the alkali halides.^^**^ Atomically flat, regularly 
terminated monohydride (-SiH) Si(lll) surfaces can 
be prepared by inunersing the clean Si substrate in 
HF solution immediately prior to growth. Growth 
of VOPc on such a surface resulted in a nearly 
equilibrium (unstrained) square lattice with of = 1.38 
nm. Long range structural order could then be 
maintained for thicknesses as large as 20 ML, 
indicating low stress in the first few anchoring layers. 
In contrast, a lattice constant of ap = 1.38 nm is too 
small to easily fit the larger AlPcCl molecule. The 
resulting stress in these latter films generates poorly 
ordered layers of even a few ML thickness. 

The perylene-based molecule, PTCDA, has also 
been foimd to grow epitaxially on alkali halides, with 
growth extending to very thick films.** To accom- 
modate the strain, however, highly textured colum- 
nar structures result. This Stranski— Krastanov 
growth is stable even for thick films since the domain 
size is small. Once the growth is nucleated at the 
substrate-film interface, the lattice structure almost 
immediately relaxes into its bulk crystal habit, 
resulting in numerous small domains which grow 
without significant strain since the contact surface 
area of the domain with the substrate is also small. 

Epitaxy of PTCDA on NaCl(OOl) and KCl(OOl) 
substrates has been studied extensively by Mobus et 
al.*® where equilibrium growth was achieved by 
maintaining the substrate at 200 *C at a growth rate 
of 0,08 A/s (corresponding to ~1.5 Ml/min). Under 
these conditions, the slowly arriving molecules have 
sufBcient thermal energy to diffuse along the sub- 
strate surface until they find a minimmn (equilibri- 
um) energy site. This results in highly columnar 
growth, with voids arising between neighboring 
islands. Within the islands, the moleailes form 
regular stacks, with the PTCDA (102) plane lying 
parallel to the substrate surface. 

Using transmission electron microscope diffraction, 
it was found that PTCDA grows into tw , coexisting 
a and P polymorphs. The appearance of these two 
modifications of the PTCDA unit cell (whose lattice 
constants are provided in Table 2), shown in Figure 
3-4, suggest that the strong substrate -organic film 



Table 2.^ U nit Cell Parameters of PTCDA and NTCDA 
parameter a-PTCDA« ^PTCDA* NTCDA" 



space group 

a (A) 

6(A) 

c(A) 

0 

z 



P2MCv?) 

3.72 

11.96 

17.34 

98.8" 

2 



3.78 

19.30 

10.77 

83.6*^ 

2 



P2MCv?) 

7.89 

5.33 

1274 

109.04° 

2 



' From ref 99. * From ref 46. 



interaction (when compared to the intralayer interac- 
tion within the OMC itself) in epitaxially grown 
organic films plays a determining role in the resulting 
PTCDA structure, sinular to that observed for the 
Pc's. This interaction also determines the azimuthal 
orientation of the crystalline domains, as the adiayer 
minimizes energy by finding a commensurate orien- 
tation with the substrate. Several orientations of the 
molecules within the islands relative to the substrate 
lattice have been observed, and these are shown in 
Figure 3-4 for a- and ^-PTCDA on NaCl and KCl. 
For example, on NaCl, the [0,1] unit mesh axis of 
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a-PTCDA is rotated by ^ = 4** with respect to the 
[110] NaCl axis, whereas for/3-PrCDA, ^ = 7* or 31**. 
For all of these arrangements, the four carbonyl 
oxygen atoms align to a Na* ion in a commensurate 
superstructure which can repeat over distances of 
several PTCDA unit ceUs. Due to the high lattice 
symmetry, there are eight symmetry-equivalent ori- 
entations for each of the two forms of PTCDA on 
NaCl, and all ei^t are observed after a single growth 
run. The situation for PTCDA on KCl is similar to 
NaCl, except that the preferred orientations for both 
a and P forms is ^ = 24% which provides a nearly 
perfect epitaxial alignment of two opposite O atoms 
with the ions on the substrate. This preferred 
alignment to the substrate cations suggests that 
electrostatic interactions play a role for PTCDA 
growth on alkali halides similar to that foimd for the 
Pc's. 

Epitaxy of PTCDA on metals has also been inves- 
tigated by Seidel and co-workers.^® In that work, 
monolayers of PTCDA were deposited onto pre- 
cleaned (by sputtering with SOOeV Ar^ ions and 




a -PTCDA 



0 -PTCDA 




a -PTCDA. e=40 



3 -PTCDA, 8=70 



3 -PTCDA, e=3lO 




a -PTCDA, 6 = 24 



P -PTCDA. 6=24 



fKfJJ^m Mno?t^ isomorphs of PTCDA and theu- prt>po8ed orientations when grown on NaCl and KCl In all cases 
the PTCDA (102) lies parallel to the substrate surface. These orientations are regarded as tentative si^ncfno p^^ 
nucroscopic registry has been determined in aU cases (from ref 46) i^niawve, since no precise 
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heating to 1000 K) Ag<110) surfaces. Under the 
conditions used, epitaxy (rather than coincident or 
quasi-epitaxial growth) was inferred, although as wiU 
be shown in section 3.3.2.3, the growth mode of 
PTCDA achieved on metal substr«ites depends sen- 
sitively on the conditions used in the process. 

For the case of PTCDA/AgtllO), growth occurred 
at a background pressure of <4 x 10"^** Torr and at 
a growth rate of ^7 x 10'^ ML/s. The same structure 
was obtained for substrate temperatures ranging 
between 200 and 380 K during growth. The resulting 
ML films were examined by both LEED and STM to 
determine the unit cell structure and size. LEED 
data were taken at near normal incidence using a 
beam energy of 16 eV assuring no damage was 
incurred by the film during measurement. To within 
the accuracies of the measurement techniques used 
(which typically are --5-10%), it was found that a 
commensurate superstnictiire was aligned along the 
Ag (1(X)) lattice direction, with the following relation- 
ships between the PTCDA unit vectors (a*, b*) and 
those of Ag (gi. ga): 

a* = 3gi + 2gj 

b* = 3gi-2g2 

Lack of Moire pattern*: in the STM images provides 
additional confirmation that the PTCDA lattice is 
commensurate with the underlying Ag( 110) lattice.^ 
Interestingly, the structure of the first ML of 
PTCDA is strongly distorted fi^m its bulk structure, 
similar to the case observed for several Pc's grown 
epitaxdally on alkali halide substrates discussed 
above. l*iis is apparent in the STM images^ of 
PTCDA ML's grown on Ag(110) terraces shown in 
Figure 3-5a. For example, as opposed to the normal 
herringbone structure of bulk PTCDA with two 
molecules per surface cell (with dimensions a = 11.96 
A and b = 17.34 A and /? = 98.8°, given by the a form 
in Table 2), epitaxy on Ag(110) results in a surface 
unit cell where the molecules are in a nearly square 
lattice with Z = 1, a* = 11.8 ± 0.5 A, b* = 12.5 ± 
0.5 A and /3 = 83.2*. These results were consistent 
whether obtained via LEED or STM. Occasionally 
a defect in the lattice was observed, as indicated by 
the arrow in Figure 3-5a, where one monolayer 
appears to have "reverted* into its bulk, herringbone 
structure. This is indicative of a competition between 
minimizing energy within a layer as opposed to 
minimizing energy between the layer and the sub- 
strate. The critical balance between these factors 
governs the ultimate growth mode of organic thin 
films as it does in the case of inorganic materials, 
and will be discussed in greater detail in the foUowing 
sections. 

This extreme distortion of the unit cell, which was 
also observed in ^-PTCDA disciissed previously, is 
due to the strong covalent interactions between the 
carbon and silver atoms in the monolayer and 
substrate, respectively. The strength of this interac- 
tion was confirmed by thermal desorption of multiple 
PTCDA layers previously deposited on Ag. It was 
found that while the upper layers could be desorbed 
without decomposition, desorption of the final layer 
resulted in molecular fragmentation due to strong 
substrate- molecule adhesion. 
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Figure 3-5. (a) Scanning tunneling microscope image of 
several terraces of PTCDA on a Ag(110) surface. Arrow 
indicates row where the molecular orientation is reversed 
from other rows on that same substrate terrace, (b) 
Proposed comensurate superstructure of a ML of PTCDA 
on Ag<110), where the Ag(110) surface mesh is indicated 
by the dots, with lattice paramters g\ = 2.089 A and gt = 
4.08 A (from ref95). 

Minimum energy calculations were also used to 
provide a quantitative ujiderstanding of the observed 
structures.** For these calculations, the vdW energy, 
nonbinding electrostatic energy between atoms in the 
molecule and substrate, bond stretch and angular 
distortion energies, and dihedral angular torsion 
were summed to obtain the total adlayer energy and 
then minimized using standard methods. These 
calculations confirmed the distorted structure shown 
in Figure 3-5b, with a lattice of a* = b* = 11.92 A 
and 3 = 86.67*, which is reasonably close to the 
measured value? 

To summarize the results given in the examples 
of the Pc's and PTCDA, epitaxy is achieved under 
growth conditions which allow for an equilibrium, 
lowest energy structure to nucleate. Typically, this 
occxirs for elevated substrate temperatures, low 
growth rates, and strong substrate-adlayer interac- 
tions (e.g., ionic bonding for PTCDA on alkali halide 
substrates). In the case of Pc or PTCDA growth on 
alkali halides, or of PTCDA on Ag(110), it can be 
shown that the unit cell of the adlayer can be 
significantly distorted from its bulk dimensions in 
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order to achieve a commensurate epitaxial structure. 
While this allows for the growth of a highly strained 
initial ML, thicker films tend to relax, thereby 
inducing a high density of defects along with a rough 
surface. In the case of PTCDA with its very strong 
intramolecular binding, the molecules azimuthally 
orient with respect to the substrate to achieve a 
commensurate, or nearly commensurate structure. 
The experimental resolution of these experi- 
ments^ «««2.83.95.97 jg sufficient, however, to de- 
termine the degree of strain resulting from this 
overgrowth. Nevertheless, the epitaxial PTCDA lay- 
ers exhibit highly textured, island growth resulting 
from different domains of different polymorphs of the 
PTCDA structure nucleating in spatially distributed 
regions of the substrate. This mode of strain relax- 
ation appears to be a universally observed charac- 
teristic of strained-vdWE organic thin film growth. 

Finally, some recent attempts have also been made 
to find substrates whose lattice parameters closely 
mateh those of the overlayer in order to achieve 
n arly imstrained vdWE. To our knowledge, the best 
example of such growth^ is that of the nonlinear 
chrom phore, 4'-nitrobenzylidene-3-acetamino-4-meth- 
oxyanaline (MNBA) on the (010) plane of nearly 
lattice-matohed single crystals of the organic salt: 
ethylenedianmionium terephthalate (EDT). The lat- 
tice constants of the two bulk crystals in the (010) 
plane are a = 8.3814(9) A and c = 7.4871(5) A with 
^ = 115.336(5)^ for MNBA, compared with a = 
8.381(8) A and c = 7.471(4) A with = 115.32(5)** 
for EDT. Thus, at room temperature, the maximum 
strain is Aa/a < 0.3%. 

Single crystals of EDT were prepared by slow 
evaporation or by controlled supercooling out of 
solution. This yields (010) surfaces (determined by 
X-ray diffraction) in the millimeter range. Prior to 
growth, the surfaces were cleaned iising thermal 
desorption in vacuum by ramping the temperature 
up to 120 **C with a dwell time of 30 min, at which 
time the heteroepitaxial layer of MNBA was grown. 
Optimum growth of MNBA was obtained at a back- 
ground pressure of 10"^ Torr, a substrate tempera- 
ture of r,ub = 80 ^'C, and a rate of 0.1-0.2 A/s. These 
conditions resulted in island growth morphology, 
with asymmetric islands typicdly 1 x 10 ptm^ ori- 
ented normal to the tOOl] direction of the EDT 
substrate. The islands appear to fill less than 50% 
of the substrate surface area. It was also noted^ that 
the range of temperatures over which this degree of 
order could be obtained was quite narrow: below T,ub 
= 75**, the island orientation became random, whereas 
at Tnh > 85 *C, the desorption rate became so high 
such that MNBA no longer was deposited. 

The island orientation is clearly apparent in optical 
micrographs, and was confirmed by the strong de- 
pendence of the second harmonic intensity generated 
by MNBA on the fundamental optical pump beam 
<at a wavelength of A = 1.064 //m) polarization angle. 
It was found that the maximum second harmonic 
signal was obtained for polarizations parallel to the 
substrate [100] direction, while the signal was re- 
duced by a factor of 90 for perpendicular polariza- 
tions. From this result, it was concluded that the 
[100) directions of EDT and MNBA were coincident. 



3.3. Quasi-Epitaxy 

The most thoroughly studied quasi-epitaxial sys- 
tem is PTCDA grown on a variety of substrates,^-^'^ 
including highly oriented pyrolytic graphite 
(HOPG),*3*«-7o^oo Au(lll),73 Se-terminated GaAs 
(100) w ioi glass,37 and polymers.^*^ Additional ex- 
amples of this growth mode include several ad- 
ditional examples of neutral organic molecules on 
amorphous quartz,^*" ^nd HOPG.^-^^ Ceo and C70 on 
GaSe and MoS2.^^ and possibly Ceo on Audll).^** In 
contrast to epitaxy, QE growth is a kinetically 
controUed, noneqiiilibrium process, resulting in struc- 
tures which can be significantly distorted from the 
bulk. The conditions leading to kinetically controlled 
growth are high deposition rates and low substrate 
temperatures. An ordered film structure is obtained 
due to dominant intralayer molecule-molecule inter- 
actions (as compared to epitaxy, where interlayer 
forces dominate). 

3,3.1 Theory of QE 

In this section, a theoretical framework and ex- 
perimental basis for QE growth of archetype vdW- 
bonded molecular thin films is presented. The model 
which has been developed by Zhang and Forrest is 
calculationally simple in that it replaces the large 
number of pairwise atom -atom potentials which 
must be sununed between adjacent molecules by a 
smgie, approximate, ellipsoidally symmetric molecule- 
molecule potential. We note, however, that the 
approach is inherently limited since it only predicts 
equihbrium structural configurations without pro\id- 
ing information as to the growth conditions required 
to achieve a given structure. To date, these condi- 
tions have been experimentally discovered via a 
process of trial and error. The model has thus far 
been applied to structures consisting of the planar 
molecules PTCDA and 3,4,7,«-naphthalenetetracar- 
boxylic dianhydride (NTCDA), with results in good 
agreement with observation. 

While models have also been previously developed 
to understand epitaxial growth using approximations 
similar to those employed here (e.g., using the rigid 
lattice approximation^**^-^***), epitaxial systems are 
inherently different firom QE systems. The primary 
diflference lies in the incommenstu-ability of QE layers 
with the substrate. Whereas one can model epitaxial 
growth by a harmonic potential with a period equal 
to the atomic spacing of the substrate,^**^ incom- 
mensurate lattices cannot be treated as such since 
the potential between overlayer and substrate is 
anharmonic. Hence, the analytical solutions which 
are attained for epitaxial systems must be replaced 
by computationaUy intensive methods. 

Extending models of purely van der Waals-bonded 
molecules to systems where long-range (but weak) 
intra- and interlayer Coulomb binding plays a role 
can significantly complicate the problem, and has not 
been treated in detail. However, the calculational 
methods employ d for vdW systems can, in principle, 
be extended to include these and other bonding forces 
(e.g., hydrogen bonding, high order multipoles, ionic 
and covalent bonds, eto.). 

Interestingly, inclusion of Coulomb forces between 
the molecule and the substrate only complicates the 
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calculation when these forces do not dominate. When 
such interactions are strongly dominant, as in the 
case of VOPc on alkali halide (and hence ionic) 
substrates, conventional epitaxy results (section 3.2). 
In this case, intralayer interactions between mol- 
ecules, which are largely responsible for determining 
the bulk structure of OMCs, are not significant, and 
the equilibrium configuration of the first monolayer 
is accurately determined by the single molecule/ 
substrate binding energy. In effect, this is the 
defining difference between epitaxy and QE. As 
noted above, this strong substrate-molecule binding 
characteristic of epitaxial growth results in the 
generation of a high density of defects, leading to 
amorphous or highly polycrystalline tihns thicker 
than few monolayers. 

The primary requirement for QE is that there 
exists a range over which a surface molecule can be 
translated relative to the substrate without a sig- 
nificant change in energy. If the potential between 
molecules within a layer is ^intra, and between mol- 
ecules in different layers is ^inur. then this condition 
is related to the relative magnitudes of the inter- and 
intralayer compressibilities (or elasticities) via 



where ^" is the second derivative of ^ relative to the 
several thin-film spatial degrees of freedom. In this 
"static" approximation, the condition for QE is rela- 
tively independent of the absolute magnitudes of the 
crystal binding energies, 4>\jm or 0inur- As in many 
cases involving large planar molecules, 0inuT ^ 0intra 
while <^nte/' < < 0imni". This differs from atomic vdW 
systems where there is no strict adherence to these 
conditions.**** This point is noteworthy since it il- 
lustrates an inherent difference between the previ- 
ously studied "orientational epitaxy" of inert gas 
atoms vdW-bonded to metal and graphite surfaces,^^ 
and QE of spatially extended molecules boimd by 
similar forces on a substrate with considerably higher 
spatial frequency (due to its smaUer lattice constant) 
than the adsorbed molecular layer. 

3.3. LI. Based on Energy Minimization. The con- 
dition in eq 3.1 has been examined by calculating the 
vdW bond energy between 2D interfaces of PTCDA 
and HOPG using the atom-atom potential method.^^ 
Here, the total bond potential is given by 4> = X^y, 
where <t>ij is the potential between the ith and jth 
atoms in two molecules, or in a molecule and the 
substrate. Now, can be approximated for vdW 
solids using the Buckingham potential: 

<Pij = -V/ + Pa «*P<-y./«) (3.2) 

The radial distance between atoms i sjidj is /y, and 
a, ^, and y are vdW constants for each pair of atoms. 
The minimum energy corresponding to the equilib- 
rium crystal configuration is obtained when 4>' = 0 
and <X>" > 0. 

There are sev ral assumptions made when apply- 
ing the atom -atom potential procedure:^® (i) The 
model is static. That is, the calculation applies to 
equilibrium at T = 0 K, and bene it cannot predict 
dynamic growth processes, nor does it consider 
vibrational contributions at T > 0. Typically, these 




Figure 3-6» Calculated interlaycr (^ter") and mtralayer 
(^tt.") compressibilities as a function of displacement from 
equilibrium (Ax) of a PTCDA crystal. The condition for 
QE: ^tr." » ^Bte/' at Ax = 0 is clearly achieved for this 
material system (from ref 78). 

latter effects are small compared with <I>. (ii) The 
vdW forces are isotropic, and are not significantly 
perturbed by the molecular stnictiu^. (iii) The 
molecules are rigid (i,e., there are no internal mo- 
lecular degrees of fireedom. (iv) There is no signifi- 
cant contribution to the intermolecular energy arising 
from Coulombic forces, higher order multipoles, etc. 
Previous calculations for planar, nonpolar molecules'^ 
such as anthracene and coronene have shown that 
these assumptions are generally valid. 

The condition for QE (i.e., <Aintni" > > <^.nur") can be 
understood from the plot of elastic constants between 
individual PTCDA molecules shown in Figure 3-6, 
where the compressibility vrithin a layer (propor- 
tional to <hitn") is clearly larger than the elastic shear 
(proportional to ^u/') near the equilibrium molec- 
ular separation of Ax = 0. In this case, the overlayer 
is only slightly distorted when deposited onto a 
substrate, allowing for some ac^ustment of th posi- 
tion of the relative layer orientation without inducing 
a large strain energy. In eflfect, the potential surfac 
of the molecule-substrate interaction (shown in the 
inset of Figure 3-6) has a relatively broad minimum 
(leading to a small ^ter"). allowing for the required 
orientational adjustment between lattices without a 
large expense of strain energy. This broad energy 
mininmm is a direct result of the short range vdW 
binding energy, and the spatial extent of planar 
molecules such as PTCDA and the Pc*s. That is. ihe 
more extended molecules result in a higher inierfa* 
cial compressibility (i.o., lower elasticity, ^ti»i#*"' 
Such molecules have a broader range of energy- 
equivalent positions, and therefore can result in the 
growth (under appropriate conditions) of an incom- 
mensurate overlayer with only a small interfacial 
strain energy, as required for ordered QE growth . 

These assiunptions lead to a picture of a QE thm 
film as a rigid overlayer, relatively undistorted when 
placed in contact with the incommensurate substrate. 
This rigid overlayer approximation greatly simplifies 
calculations of the full QE structure, as vrill be shown 
below. Since the overlayer has a very low spatial 
periodicity as compared with the substrate, strain 
may be relieved through modifications of the internal 
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(a) 



Figure 3-7. Perspective views of the unit cells of (a) PT( 

degrees of freedom within the larger, adsorbed mo- 
lecular lattice. However, as wiU also be shown in the 
following section, precision structural measurements 
suggest that QE films can have significant strain 
when grown on substrates where ^ni*/' =^ ^t«". The 
resulting elastic distortion of the film as compared 
to the bulk lattice structure does not appear to relax 
even in the thickest films studied. This suggests 
that the details of QE structures are considerably 
more complex than predicted by the model discussed 
here, although the general features of QE structures 
are indeed predicted by the somewhat simplified 
assumptions used to make the calculations both 
intuitively useftd and calculationally tractable. 

The accuracy of the method has been tested by 
cidculating the bulk crystal structure of PTCDA, and 
then comparing these results with existing crystal- 
lographic data. Note that calculation oftheftiU bulk 
structure is a complex 3D problem involving numer- 
ous degrees of fireedom between the several molecules 
in the cells. Hence, only limited aspects of the 3D 
structure are calculated to test the model. Perspec- 
tive views of the bulk PTCDA and NTCDA unit cells 
are provided in Figure 3-7, parts a and b, respec- 
tively,fi3 with details of the structures compiled in 
Table 2. 

The energy of two organic molecules stacked one 
above the other was calculated as a ftmction of 
intemolecular distance along the stacking axis, using 




Figure 3-8. The van der Waals potenUal as a function of 
interplanar stacking distance of a PTCDA dimer, a P^TCDA 
dimer, and a PTCDA/NTCDA stack. For each curve, the 
two molecules are centered with respect to each other, with 
their molecular planes parallel (from ref 99). 



previously published values for the atomic vdW 
coefficients,"2.^>3 results plotted in Figure 

3-8. Bonding energies for PTCDA-PTCDA, NTCDA- 
NTCDA, and PTCDA-NTCDA dimers are aU plotted 
in the figure. It is apparent that the equilibrium 
distance (or VdW radius") in the stacking direction 
(assuming that the molecular planes of adjacent 
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Figure 3-9. The 2D dimer energy surface for (a) PTCDA and (b) NTCDA for the molecules oriented with their planes 
parallel (from ref 99). 



molecules are parallel, which is not the case for the 
NTCDA-NTCDA bulk crystal) are generaUy in the 
range from 3.20 to 3.26 A, corresponding to the 
experimentally determined value of 3.21 A for PTC- 
DA. Furthermore, the binding energy of the PTCDA 
dimer is approximately -1.3 eV, corresponding to 24 
kcal/mol. This value is consistent with the sublima- 
tion energies"* of many aromatic molecules similar 
to PTCDA and NTCDA. 

Once the stacking distance along the c axis is fixed, 
the two molecules are translated in the xy (base) 
plane with respect to each other to generate the 
energy sxirfaces for PTCDA and NTCDA dimers 
shown in Figure 3-9. parts a and b, respectively. 
There are degenerate energy minima at ±1.1 A from 
the center of the PTCDA molecules, and ±1.0 A for 
the NTCDA molecules. The energy minima are 
displaced from the molecular center of mass and ar 
located along the long molecular axis. The equilib- 



rium molecular offset is experimentally observed in 
the PTCDA bulk structure, resulting in the molecular 
lamella stacking along the (102) axis. That is, there 
is an 11** tilt of the molecular plane within the xmit 
cell, which has been widely observed for PTCDA 
deposited on such insulating substrates as glass^ and 
polymer8.22."5 Interestingly, this 11* tilt is not 
observed for PTCDA on conducting substrates such 
as Au or GaAs, suggesting that more complex charge 
exchange interactions not included in these calcula- 
tions may exist for these situations. 

The energy of a 2D surface mesh consisting of five 
PTCDA molecules placed in their characteristic base- 
centered rectangular structure, shown in Figure 3-10, 
was also calculated. For this calculation, all angles 
and dimensions were varied (including th relative 
angle of the central molecule with respect to the 
plane defined by the four comer molecules) to achieve 
the minimum energy configuration, with the result 
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Figure 3-10. Surface unit mesh of PTCDA on a graphite 
substrate defining angles and dimensions referred to in the 
text. 



shown in the figure. The angles and dimensions of 
the calculated surface unit cell agree well with the 
actual surface unit as determined from RHEED and 
STM (see Table 3). We note that the surface unit 
cell is enlarged by 25% over that obtained for a bulk 
cell, with the calculated miniTnuTn energy corre- 

rnding toxnuo = 20.0 ± 0.5 A andymm = 15.7 ± 0.5 
This accounts for (although it somewhat overes- 
timates) the reconstructed surface dimensions of 
PTCDA observed by both STM and RHEED. The 
surface cell minimum energy is obtained for all 
molecules in a coplanar configuration. By placing a 
second layer at 3.21 A above the surface, the cell 
minimum energy is achieved only whenxmia andymin 
are decreased to values approaching their experi- 
mentally obtained bulk distances of x„u„ = 17.34 A 
andymifi = 11.96 A. Also, the central molecule of the 
surface cell is rotated to an angle of ^ = 0.48 ± 0.02 
rad, also consistent with observation. 

The orientation of the adsorbed layer with respect 
to th substrate lattice is defined by angle, 0, between 
the primitive vectors in the two lattices (see Figure 
3-10). From this figure, ^ is a well-defined quantity 
for all epitaxial systems; whether they are com- 
mensurate, incommensurate, or coincident.**** The 
value of 6 leading to ^'{0) = 0 and ^"{6) > 0 




Figure 3-11. Binding energy of a monolayer of PTCDA 
on a graphite substrate as a function of relative lattice 
angle, 6, as defined in Figure 3-10. The vertical axis is the 
energy normalized to the binding energy per PTCDA 
molecule (finom ref 99). 



corresponds to the equilibrium lattice configuration. 

On the basis of these arguments, and using the ''rigid 
lattice* approximation where the layers are trans- 
lated with respect to each other without distortion, 
6 has been calculated for a monolayer of PTCDA 
deposited on graphite,^ with the results shown in 
Figure 3-11. Here, a suflBciently large lattice (lOx 10 
PTCDA unit cells, or --50 000 atoms) was considered 
to ensure insensitivity of the result to layer boimd- 
aries and variations due to center of mass translation 
of the overlajrer. An energy minimum of -4 meV was 
noted at ^niin = 0.85 rad, where the energy axis in 
Figure 3-11 is normalized to a single adsorbed 
molecule of PTCDA (-2.0 eV). This relatively small 
energy perturbation/molecule (<0.3%) justifies the 
assumption that the overlayer structure is not strongly 
influenced by the substrate, in contrast to atomic 
vdW systems (e.g., Ar on graphite) where the rota- 
tional energy is ~5% of the bond energy.*^^ Note that 
^min is in relatively good agreement with the experi- 
mental value«^ ^0 of ^ = 0.84 ± 0.07 rad (see Table 
3) obtained by STM. 

Both RHEED and X-ray data*^-^^ indicate unit cell 
dimensions that are somewhat smaller than pre- 
dicted by this simple theory. This discrepancy is in 
part due to formation of an expanded first ML, and 
then subsequent relaxation into a structure doser 
(but not identical) to the bulk crystal habit of PTCDA. 
A transition mterfacial layer of dimensions different 
firom subsequent layers appears to be one mechanism 
for the relief of strain in liiese incommensurate QE 
systems; a feature noted in studies of the transition 
from equilibrium growth (i.e., at high substrate 
temperature, r,ub) to nonequilibrium, or QE, growth 
(at low r.ub) of PTCDA on Au(lll) (see section 
3.3.2.3). 



Table 3. Surface Unit Cell Parameters' for PTCDA on Graphite 



a (A) 


6(A) 


a (rad) 


c(rad) 


Bind) 


refts) 


theory 20.0 ± 0.5 
STM 20.5 ± 1.2 
RHEED 22.4 ± 1.0 


15.7 ± 0.5 
14.2 i 1.5 
16.0 ± 1.0 


0.86 ± 0.02 
0.96 i 0.03 


0.48 ± 0.02 
0.61 ± 0.17 


0.86 ± 0.02 
0.90 ± 0.06 


72.99 

43,58.70 

52.70.73 


" Dimensional parameters defined in Figure 3-10. 
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This calculation was also used to study molecular 
interfaces consisting of NTCDA on a crystalline 
PTCDA substrate.^ Experimental evidence obtained 
for alternating multilayer stacks of these materi* 
als^^° imply that the layers form ordered crystalline 
organic multiple quantum well structures. Due to 
the extended size of the molecules in both layers and 
to the large number of pairwise atomic interactions 
between each molecule, the method outlined in eq 3.2 
is calculationally impractical. For example, to de- 
termine the intermoiecular potential between just 
two PTCDA molecules requires 1444 pairwise inter- 
action potential calculations. The calculations have 
been substantially simplified by Zhang^^ by replacing 
the --lO^ atomic interactions between eaiJi ?frCDA 
and PTCDA molecule with an approximate, single^ 
elliptically 83rmmetric molecular potential assuming 
a fixed intermoiecular stacking distance. One such 
potential which has been shown to provide a good fit 
to molecules within a given layer is similar to the 
Buckingham potential, viz.: 

V»)ep = -a(ey(r^ - d{e)f + 

Pie)exp['Ymnj - dmhj - ^ o 0.3) 

where nj is now the center-center distance between 
moleculesy 6(6) is the distance of "closest approach" 
of two adjacent molecules as calculated fi^m their 
core repulsion, and the vdW constants are functions 
of the angle (6) between unit cells in the overlayer 
and substrate. An alternative potential form which 
also provides a good fit to the atom-atom calculation, 
especially for molecules between planes, was ap- 
proximated using 

<l>i/<^hp = exp[-|x/7(e)r^» - lyM(9)r*"] 2 = d 

(3.4) 

where the distance in the z direction is held fixed at 
the interplanar spacing of d. The angular depend- 
encies of the parameters such as a. ^, d, etc were 
determined by translating one molecule over the 
substrate at a fixed z (equilibrium) distance in both 
the a and 6 crystalline directions while calculating 
the full atom-atom potential using eq 3.2. This 
provides values for Oo, a*, etc., or similarly for the 
parameters in eq 3.4. To determine these parameters 
at other off-axis angles, an ellipsoidal dependence 
was assumed: 

ia(e)cosef/a^^ + {aie)smef/a^^ = 1 (3.5) 

This calciilational technique has been shown to be 
reasonably accurate (to within ±5% of the measured 
crystal dimensions), allowing for the semiquantita- 
tive determination of equilibrium film-substrate 
structures consisting of relatively complex mol- 
ecules.^ In any case, we note that the accuracy of 
using a full atomistic potential is limited as well. 
Commonly, the values of the various vdW coefficients 
used in such pairwise calculational methods are 
adjusted to match the predicted to the observed 
crystal structure to reduce inherent inaccuracies. 
Similar "iterative" procedures can also be applied to 
finding th optimal values of the effective coefficients 




-0.»1» ' ' ' ' ' ' ' ' 

0 02 0.« OS Oi* 1 17 14 16 

•iracO 

Figure 3-12. Binding energy of a monolayer of NTCDA 
on a PTCDA substrate as a function of relative lattice 
angle, 6, between the a axes of the two surface unit cells. 
The vertical axis is the energy normalized to the binding 
energy per NTCDA molecule (from ref 99). 

derived from eq 3.5, although the overall accuracy of 
this procedure is found to be adequate for predicting 
the observed QE systems to which it has been 
applied. 

Recently, it has been suggested^" that while the 
ellipsoidal approximation is well adapted to the 
calculation of structures involving simple, small 
planar molecules such as PTCDA, it may not be 
appropriate for larger moleoiles, or molecules which 
exhibit some out-of-plane (3D) structure, such as the 
phthalocyanines. To generalize these approxima- 
tions to account for complex molecular shapes, Liu 
et al."^ represent the molecule (CuPc in the case of 
their work) by a limited set of "interaction sites" 
representing a cluster of atoms in the molecule, and 
spatially arranged to approximate the shape of the 
actual molecule. The Lennard -Jones potential is 
then used, along with effective vdW coefficients 
derived for each interaction site, to calculate the 
lowest energy crystal structures. For CuPc, the 54 
atoms were replaced by 13 spherically symmetric 
sites, thereby eliminating 95% of the pairvdse cal- 
ciilations required to determine the interaction be- 
tween two like molecules. The number and distri- 
bution of sites chosen is determined by a compromise 
between the requirement to simply represent molec- 
ular geometry and symmetry, and the need to include 
as much of the interaction physics as possible without 
introducing an excessive number of sites. Using this 
method, a structure resembling that of the planar 
stacking a form of CuPc was calculated,"® although 
the more common herringbone )3-CuPc was not 
found."^ Hence, while this interaction site model 
considerably simplifies calculations for complex mo- 
lecular structures, as in aU such methods, one must 
be aware that the approximations can significantly 
impact the accuracy of the technique. 

The ellipsoidal approximation of Zhang and 
Forresi^Heqs 3.3 to 3.5) has been applied to deter- 
mined the equilibrium structure of a NTCDA mono- 
layer (lOOOA radius) deposited on a PTCDA "sub- 
strate" f equal size. The preferred orientation of the 
NTCDA lattice on PTCDA shown in Figure 3-12 is 
^min = 0.75± 0.05 rad, defined as the angle between 
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Figure 3-13. 2D potential surface of (a) benzene and (b) coronene on a PTCDA substrate. Here, the molecular planes of 
the substrate and admolecules are parallel (from ref 99). 



the a axes of the two unit cells. The "noise" in the 
plot results from rounding errors and the limited size 
of the lattices considered. The minimum energy for 
PTCDA/NTCDA structuires is broad (as compared to 
PTCDA-on-graphite) due to the low spatial frequen- 
cies of the lattices and the large spatial extent of the 
molecules in the two layers. Nevertheless, the exist- 
ence of such an energetically favored configuration 
(with -3.5 meV/molecule normalized to the PTCDA/ 
NTCDA dimer binding energy of -0.90 eV) suggests 
that this materials combination can grow as an 
orientationally ordered, crystalline midtilayer stack 
under the appropriate thermodynamic conditions, as 
has been previously observed.^*^ 

From the foregoing results, we infer that the 
dependence of the orientation on molecular structure 
is implicit in the requirement that ^nte/' < < Antra". 
The generality of this condition was tested by calcu- 
lating Winter" and 0intr«" as fiuictions of molecular 
"shape" for several polyacenes in the series of ben- 
zene, naphthalene, pyrene, perylene and coronene 



"deposited" on a PTCDA substrate. The calculated 
energy surfaces (normalized to their minimum val- 
ues, 0o) for single benzene and coronene molecules 
on a PTCDA substrate lattice are shown in Figure 
3*13. It is apparent that the energy minimum of the 
larger molecule is extremely broad and flat as 
compared to that of benzene. Hence, the shear stress 
(Anter") for the coronfine/PTCDA interface is much 
smaller than that of benzene, which should enhance 
the probability for successful QE growth of incom- 
mensurate overlayers of the larger molecule. 

The normalized shear stress (AVmtw/Aa^V^o for a 
molecule on a PTCDA lattice is plotteid in Figure 3-14 
as a function of molecular moment of inertia, Imo\ 
(normalized to benzene, /benz). Here, AVAa^ is the 
energy differ nee divided by the surface area enclos- 
ing the energy 15% larger than its value at <t>o- 
Hence, A^^nt^/Aa^ is the normalized incremental 
shear stress which is numerically valuated from the 
calculated values of 0(xj'). Furthermore, the nor- 
malized moment f inertia of a particular molecule. 
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Figure 3-14. Incremental shear stress (l/0o{AVi^^})for 
several molecules deposited on a PTCDA substrate lattice 
calculated as a function of molecular moment of inertia 
relative to benzene. The shear stress is normalized in each 
case to the minimum dimer potential energy, ^o- The 
moment of inertia is calculated about the axis perpendicu- 
lar to and centered in the molecular plane. The solid line 
is for the molecules: 1 = benzene. 2 = naphthalene, 4' = 
pyrene. 5' = perylene, and 6' — coronene (with 1, 2, 4, 5, 
and 6 carbon rings, respectively), and the dashed line is 
for the molecules: 3 = anthracene, 4 = tetracene, and 5 = 
pentacene (with 1, 2, 3, 4, and 5 carbon rings, respectively) 
(from ref 99). 

Imo^Ihenx, 15 Calculated about an axis perpendicular to, 
and centered in, the molecular plane of the adsorbed 
molecule, providing a measure of the molecular mass 
distribution relevant in facially stacked, discotic 
systems. 

The normalized shear stress decreases monotonia 
cally with increasing molecular size, or nimiber of 
carbon rings (solid line, Figure 3-14). Hence, we 
expect that the abiUty to grow ordered, QE layers on 
PTCDA (or similar planar molecule) substrates in- 
creases as we progress from smaller (benzene) to 
larger, "rounder" molecules (coronene). 

Molecular shape also plays a significant role in 
determining structure. Hence, Imo\ was also deter- 
mined for a series of linear polyacenes deposited on 
PTCDA (dashed line). Here, the calculation is made 
for benzene, naphthalene, anthracene, tetracene, and 
pentacene (Mrith 1, 2, 3, 4, and 5 rings, respectively). 
The shear stress decreases monotonically for the 
three smaUest molecules, at which point it begins to 
increase for the larger molecules. This increase 
results since PTCDA has a perylene *'core" which 
extends to only three rings. Hence, longer molecules 
(e.g., tetracene and pentacene) extend beyond the 
central molecxile in the PTCDA surface cell, and 
overlap the spaces between adjacent substrate mol- 
ecules. For the longest molecules, the rings can 
extend to the carboxyl end groups of adjacent sub- 
strate molecules. These effects will tend either to 
leave the shear stress imchanged (as in the case of 
tetracene-PTCDA), or result in a small increase due 
to core repulsion fix)m adjacent molecules (pentacene- 
PTCDA). 

These results suggest that QE is favored when both 
the molecular shape and size of the substrate and 
overlayer molecules are approximately matched. 
This suggests that ordered QE growth is a general 
property of a large range of planar molecules which 
are bonded primarily by vdW forces to the substrate. 
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We emphasize that while these calculations prellict 
the favored, or minimum energy configuration of the 
grown layers, the degree and extent of layer ordering 
which is actually achieved depends critically on the 
nonequilibrium thermodynanwc conditions under 
which growth occurs. These conditions are not 
predicted by this inherently static model, although 
we find that certain low energy "thresholds" between 
structxzral isomorphs predicted in the theory suggest 
that growth at low temperatures is favorable for 
achieving uniform crystalline order, as has been 
experimentally observed in many cases. However, 
a nonstatic model is required to unambiguously 
determine the growth conditions which lead to maxi- 
mum structural ordering. 

The molecular film alignment to the substrate alsD 
must depend on the symmetry of the substrate. For 
example, PTCDA, NTCDA, and CuPc lattices are 
monoclinic, and hence they have 2-fold symmetry. To 
ensure alignment of neighboring islands nucleated 
separately during the onset of growth, the substrate 
must have a comparable symmetry. As shown in the 
case of graphite^'^** (see section 3.3.2.1), adjacent 
molecular islands nucleate with their principal axes 
rotated at angles of m(:r/3), where m = 0, ±1, ±2, 
±3. This higher order substrate symmetry results 
in the formation of grain boundaries between islands. 
Other substrates with natural 2-fold symmetry (such 
as an organic thin film or other monoclinic lattice), 
or with a preferred 2-fold directionahty (e.g., glass 
with a strain axis parallel to the surface,^ exposed 
step edges on semiconductor substrates oriented 1-2" 
from a principal lattice plane, narrow polymer stripes 
as used as waveguide buffer layers,^^-^^^ etc.) there- 
fore can serve to avoid the occurrence of such grain 
boundaries. Indeed, step-edge growth has been 
shown^^® to result in appropriate 2-fold symmetry 
leading to extended order in both strained vdWE 
systems such as VOPc on H-terminated Si(lll), and 
for PTCDA on polymer ribs.^ 

These results suggest that large, vdW-bonded 
planar molecules readily order on a variety of sub- 
strates without necessitating that the overlayer and 
substrate be lattice-matched or commensurate. We 
note, however, that simply depositing large planar 
molecules on the substrates will not necessarily 
reduce the interfacial shear stress. An additional 
condition favoring QE growth is that the shape of the 
moleoile (or the atomic mass distribution) must be 
similar to the substrate molecular shape. That is. 
QE growth is favored for approximately round, 
planar molecules deposited on similarly shaped mol- 
ecides in the substrate. It is somewhat less favored 
(although not ruled out) in the case of long, linear 
molecules deposited on this same substrate structure. 

3.3. i. 2. Coincidence Models, Although energy 
minimization calculations used to determine equi- 
librium layer structures are physically justified, th re 
r main several problems with their practical applica- 
tion and overall predictive ability. Among the most 
obvious of shortcomings of these methods are given 
in the following: 

(1) The calculations are cumbersome. Given n 
atoms in the epitaxial layer and m atoms in the 
substrate, the total number of atomic pair interac- 



tions which must be considered is nxm. For the 
calcidationLS to be realistic, both n and m must be 
sufficiently large using a suitable choice of lattice 
boundary conditions. As noted in the previous sec- 
tion, for PTCDA on HOPG, -100 unit cells were 
considered before adequate accuracy was achieved. 
There are means to make these calculations more 
efficient by, for example, recognizing that vdW in- 
teractions fall oflF as Ur*. Hence, only nearest- and 
next*nearest-neighbor interactions need to be con- 
sidered. Alternatively, approximations such as the 
ellipsoidal potential or interaction site methods can 
be mployed. Nevertheless, the method is calcula- 
tionally intensive with results which often do not 
provide an intuitive understanding of the systems 
under study. 

(2) The number of degrees of freedom is very large. 
Compounding the problem of large computational 
seal is the high multiplicity of degrees of freedom 
inherent in the complex molecular structures and 
positions within the unit ceU basis. That is, by 
rotating, twisting, or stretching a bond within a 
molecule, or by changing the relative positions of two 
molecules within a unit cell, the total energy of the 
overlayer with respect to the substrate can be sig- 
nificantly altered. An accurate, predictive calculation 
must therefore include minimization of total energy 
with respect to all of these degrees of freedom. As 
noted in the previous section, the calculations were 
considerably simplified (and indeed made tractable) 
by significantly limiting the degrees of freedom 
available to the adsorbed layer. For example, mol- 
ecules were restricted to lie in a single plane, and 
even their internal bond lengths were, in effect, fixed 
by assuming an ''ellipsoidal'' potential approximation. 

(3) The calculations must include sufficient physics 
to be accurate. For PTCDA on HOPG or NTCDA, 
only vdW bonds were included in the treatment. 
While this is adequate for many molecular/substrate 
systems, in some cases (e.g., VOPc on Sid 11)). 
Coulombic attraction, hydrogen bonding, higher order 
multipoles. etc. must also be included. If Coulomb 
fore s are small, they can complicate the problem 
significantly due to their long-range natiire. 

Hence, other methods have been suggested to 
attain a more "intuitive" picture for determining the 
preferred azimuthal orientation, 6, of the adsorbed 
layer and the substrate lattices in incommensurate, 
QE systems. The most common methods can broadly 
be termed "coincidence models^.^^-^^^^^^^o These mod- 
els are based on two hypotheses: (i) Overlayer energy 
is minimized by maximizing commensurability with 
the substrate. That is, the minimvmi energy is 
achieved when the largest number of lattice sites are 
commensurate with substrate lattice sites, (ii) "Com- 
mensurability^ on some arbitrarily defined lattice 
scale can oft^n be achieved by azimuthaUy rotating 
one lattice with another. This commensurability. 
when characterized by the alignment of two high 
symmetry axes of the lattices is called "point-on-line 
coincidence". An xample of such coincidence is 
shown schematically in Figure 3-15. where com- 
mensurate, incommensurate and point-on-line coin- 
cident lattice alignments are schematically illus- 
trated. Note that th se "models" still rely on the 
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Figure 3-15. Schematic diagrams of three types of epi- 
taxial orientations: (a) commensurate, (b) incommensu- 
rate, and (c) point-on-line coincident growth (from ref 123). 




Figure 3-16. Schematic diagrams of two different point- 
on-line coincidence orientations of PTCDA on graphite 
(0001) proposed by Hoshino et al. (ref 43). For the type I 
orientation (upper panel). PTCDA molecules at (3a.b) on 
the equilibiium (bulk) surface unit mesh nearly coincide 
with points on the graphite lattice. For type II orientations 
(lower panel), PTCDA molecules at (2a.b) are in close 
coincidence with points on the graphite lattice. 

primary condition for QE: i.e., <^ntrB" > > Winter", where 
coincidence is achieved only by assuming a rigid 
overlayer largely undistorted by its deposition on the 
substrate. 

Point-on-line (POL) coincidence has been pro- 
posed*^'^ to govern the orientation of such materials 
as PTCDA on HOPG. where two coincident lattices 
are found relative to the (GOOD graphite surface. In 
Figure 3-16, we show these two orientations corre- 
sponding to angles of 3.1° and 9.9** of the PTCDA 
(010) with the graphite symmetry axis. Both of these 
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Figure 3-17. Schematic representations of overlay er 
orientations on substrates for several incommensurate 
systems. The perimeter of the primitive unit mesh is shown 
by the lines in the comers of the larger, coincident, 
nonprimitive supercells crhibiting POL coincidence. The 
various systems correspond to (a) PTCDA/Cu( 100), (b) 
CuPc/MoSa, (c) (Pe)2C104/HOPG. (d) TTF-TCNQ/Au( 1 1 1), 
(e) ^-(ET)2l3 (type D/HOPG, and if) fi'iET)2h (type IIV 
HOPG. Here Pe = perylene, ET = bis(ethyIenedithio- 
lotetrathiafuJvalene), TTF = tetrathiafulvalene, TCNQ = 
tetracyanoquinodimethane (from ref 120). 

orientations have been experimentally inferred frcm 
analysis of the Moire patterns observed in the STM 
images (see section 3.3.2.1, Figure 3-21). and the 
orientation at 9.9** has also been determined from 
minimum energy calculations discussed in the previ- 
ous section. 

While this approach can provide some physical 
insight into the alignments observed, coincidence 
models lack a compelling physical foundation. 
Since they are not based on energy arguments, they 
are incapable of predicting the preferred orientation 
out of many potential POL coincidence possibilities. 
Furthermore, the results are completely independent 
of the details of physical structure of the molecules 
within a imit cell, or the degrees of fr'eedom accessible 
to the atoms within the cell. For example, if molecule 
A in a lattice with a basis of M moleciUes is replaced 
by a completely different molecule, B, in a unit cell 
of equivalent dimension but with a basis M\ the POL 
technique will predict exactly the same overlayer 
orientation as in the first case. This is a natural 
consequence of the coincidence models dependence 
on geometrical rather than energetic considerations. 
Finally, although the POL model requires only that 
lattice vectors coincide in the substrate and adsorbate 
lattices, the molecular and atomic sites need only be 
commensurate at the comers of the larger "supercell" 
such as those outlined in Figure 3-16. More extreme 
examples of such commensurate supercells*^® are 
provided in Figure 3-17. In such examples, there is 
no obvious energetic justification for requiring coin- 
cidence along the chosen axes, where we emphasize 
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that virtually all molecules add atoms iri the super- 
cells are incommensurate with the substrate lattice. 

While these geometrical, POL coincidence methods 
have "little direct theoretical significance*,*^ Hiller 
and Ward have made some useful approximations 
which provide an energy-based justification for the 
observation that several QE systems appear to favor 
alignment at, or close to substrate axes of high 
symmetrical order. We first recognize that simple 
(i.e., monoatomic) lattice potentials can be approxi- 
mated by a periodic potential of the form (in one 
dimension): 

V= V^cos(2.Tx/a) (3.6) 

*vhere Vo is the strength of the interatomic potential, 
X is the displacement, and a is the substrate (ID) 
lattice constant. Defining the transformation matrix, 
C, which depends on the relative azimuthal relation- 
ship between the adsorbed layer and the substrate 
lattice, we have 

V _ 

^ Il{2 - cos[2.T(iy)[C](J)] - cos[2.r((;)[C](J)]} 
' II 

(3.7) 

where ij are the lattice sites of the adsorbed layers. 
The matrix, C, is defined by 

C = 

6^ sin(a — dVa-^ sin(a) sm(6)/a2 sin(a) \ 

62 sin(a - B - pVa^ sin(a) 63 sin(^ + P)/a2 sin(a) / 

(3.8) 

where ai.2, a and 61.2, P are the primitive vectors and 
angles of the substrate and adlayer unit meshes, 
respectively (see Figure 3-16). The results^^° of 
calculating the relative potential, VTVo, as a function 
of azimuthal angle, 9, for the several supercells of 
Figure 3-17 are shown in Figure 3-18. Here. V/Vo = 
0 corresponds to the case of perfect commensurability 
(i.e., true epitaxy), whereas complete incommensu- 
rability corresponds to V/Vo — 1- In general, there- 
fore, QE is described by systems whose energy lies 
between these extremes. In each of the cases studied 
by Hiller and Ward, there is a well-defined angle at 
which the superceU achieves a minimum energy, 
consistent with fiiU energy calciilations discussed in 
section 3.3.1.1. 

Whether or not this method predicts the true 
azimuthal orientation of the two lattices depends 
critically on the choice of potential for the substrate, 
the shape, and composition of the overlayer mol- 
ecules, and the symmetry and composition of the 
basis lattices. While simple vdW systems such as 
PTCDA on HOPG may be adapted to this treatment, 
the relative orientation of even such simple lattices 
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Figure 3-18. Normalized eneigy (V/Vo) on aziznuthal angle 
(6) for the overlayer-substratc combinations in Figure 
3-16, assuming an overlayer dimension of 20 x 20 unit 
cells: <a) PTCDA/Cu( 100), (b) CuPc/MoSj, (c) (Pe)2C104/ 
HOPG. (d) TTF-TCNQ/Au(lll). (e) ^-(ET)2l3 (type IV 
HOPG, and (f) /^-(EDjIa (type IIVHOPG (from ref 120). 

cannot be accurately predicted due to the lack of 
correspondence between the choice of V(x) and the 
true interatomic potentials which fully incorporates 
the inherent "flexibility^ of the adsorbate lattice. This 
flexibility manifests itself via the stretching, twisting, 
or rotation of any number of inter- and intramolecu- 
lar bonds which are not considered in the POL 
coincidence technique. Indeed, in the POL treat- 
ment, each molecule in the adsorbate layer was 
approximated by a single "point" potential. While 
this is a reasonable approximation of the case of an 
inert gas molecule (e.g., Ar) adsorbed on graphite, the 
approximation must break down for spatially ex- 
tended molecules whose spatial period is large com- 
pared to that of the substrate, such as an OMC on 
an inorganic or organic substrate. Nevertheless, such 
coincidence models appear to explain observations of 
some simple vdW-bonded systems, and provide an 
intuitive rationale which is useful in guiding more 
computationally intensive methods such as those 
discussed in section 3.3.1.1. 

3.3,1.3, Mass Density Waves, It is useful to 
compare the process of QE with the previously 
ooserved phenomenon of "orientational epitaxy" which 
describes the structure of layers of physisorbed inert 
gas atoms bonded by vdW forces onto lattice- 
mismatched graphite substrates. The most obvious 
difference is that, in the case of orientational systems, 
the spatial frequency of oscillation of the substrate 
atomic potential is nearly equal to that of the 
adsorbed inert gas layer. The interatomic distance 
is simply determined by the packing of the atomic 
hard spheres. This is in contrast to QE systems 
where the adsorbed molecular spacing is substan- 
tially larger than the interatomic distances in the 
substrate lattice. It was proposed that mismatch 
between adsorbate inert gas atoms and th substrate 
in orientational systems results in small, f>eriodic, 
static density variations (mass density waves, or 
MDWs) in the overlayer. Competition between 
longitudinal and transverse modes in these MDWs 
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Figure 3-19. Relative lattice energy for a NTCDA surface 
unit cell on NTCDA as a function of orientation, as a 
result of strain induced in the a layer. This energy is in 
addition to the rigid lattice energy calculated in Figure 3-12 
and is expected to be small by comparison (from ref 99). 

results in an energetically preferred angle (^min) 
between reciprocal lattice vectors G and r of the 
substrate and adsorbed layers, respectively. It was 
shown that, for the special case of long MDW 
wavelength, Omin is determined by minimizing: 



(3.9) 



where Uq is the average displacement of a molecule 
in the overlayer, M is the molecular mass, and €\ and 
(O] are the eigenvectors and eigenvalues of the dy- 
namical equation defined by D{(o\)M<jj\) = wuHan), 
Here, D(w\\ is the dynamical matrix operator,®^ and 
Xlw\) are the Bloch functions for the PTCDA surface 
lattice. This approach requires that the phonon 
dispersion curves (a>i(G)) for the adsorbed 2D lattices 
be calculated along the various crystal axes assuming 
vdW bonding described by eq 3.2. When applied to 
PTCDA and NTCDA, these calculations yield two 
transverse and one longitudinal acoustic phonon 
mode.^ Optical modes were ignored since a>i for 
these terms is large, resulting in a small contribution 
to eq 3.9. 

Summing the contributions from each mode gives 
the MDW energy for NTCDA shown in Figure 3-19. 
The several peaks correspond to the summation of 
phonon modes, a>i, along the various crystal direc- 
tions, with an energy minimum at O^in - 0.65 rad. 
Note that the contribution to the total layer energy 
due to this lattice distortion shoxild be small in 
incompressible molecular lattices (where Ma)!^ is very 
large due to the large molecular mass and high 
vibrational energy), and thus should not significantly 
alter the position of the NTCDA/PTCDA energy 
minimum from that shown in Figure 3-12. 

Note that the lattice distortion energy accounted 
for in eq 3.9 is a second-order effect in molecular 
systems, whereas in relatively compr ssible atomic 
vdW lattices (where M and (o\ are small) this effect 
should dominate.^^ "® However, the presence of 
MDWs in QE systems may nevertheless provide a 
mechanism for reduction in total strain energy, and 
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indeed may already have been observed for PTCDA 
on HOPG (using STM) and on Au( 11 1 1 (using X-ray 
diffraction '3 That is, MDWs may manifest them- 
selves as periodic variations in a degree of freedom 
with a unit cell (e.g., a small angular rotation of the 
molecules \^ith respect to each other, with the angle 
periodically varying over several unit cells i. These 
periodic variations may provide a means to reduce 
the total crystal energy induced by lattice strain, 
thereby eliminating the formation of dislocations or 
other macroscopic lattice defects. Furthermore, the 
addition of the MDW energy to that of the otherwise 
unperturbed adlayer via eos 3-9 may induce some 
deviation from point-on-line reconctruction. 

3.12. Observation of OE Growth 

To test the above assumptions regarding the condi- 
tions which are required to achieve QE thin films, 
PTCDA has been grown on several different sub- 
strates with varying magnitudes of substrate/adlayer 
interactions. The case of PTCDA on HOPG has been 
the most thoroughly studied, and from the foregoing 
discussion, it is apparent that the QE layer should 
be azimuthally oriented with respect to the graphite 
lattice without inducing significant strain in the 
thicker QE layer. In addition. PTCDA has been 
grown on Au(lll) and GaAs which have somewhat 
stronger substrate- molecular interactions than in 
the case of HOPG. resulting in a straiueJ-layer QE 
PTCDA thin film. Below, we consider each of these 
cases in detail to provide a comprehensive picture of 
the nature of QE thin-film growth for different bond 
energies between the substrate and epitaxial layer 
3.3.2.1. STM Imaging of PTCDA and NTCDA 
Monolayers on HOPG. The onset of QE growth has 
been thoroughly investigated by examining mono- 
layers of PTCDA^'"-5«.7o and NTCDA^22 
HOPG under UHV and atmospheric ambient condi- 
tions. Experiments described here were primarily 
conducted in UHV, using electrochemically etched 
tungsten tips and mechanically sheared Pt-Ir tips.^ 
The PTCDA was deposited at a rate of 3-10 A/min 
on substrates held fi-om 80 K to slightly above room 
temperature « 122 whereas the NTCDA growths 
were performed for substrate temperatures in the 
range of from -30 to 100 **C.^22 f^i^ thickness 
studied in these experiments ranged from submono- 
layer coverage up to 2-3 ML. While it is difficult to 
obtain STM images with moleoilar resolution for 
thicker layers due to the low conductivity typical of 
OMCs. nevertheless. PTCDA layers up to 60 A thick 
deposited on Se-passivated (lOO)GaAs have been 
successftilly imaged using UHV STM.^^ 

Figure 3-20 is a high-resolution image of a 1 ML 
thick film of PTCDA. The shapes of the two mol- 
ecules within the unit cell are distinct; one appears 
as a figure-eight while the other less well resolved 
molecule appears as two parallel lines. The dimen- 
sions of the PTCDA rectangular unit cell (Figure 
3-20) were found to be a = 13.2 ± 0.45 A and 6 = 
19.5 ± 0.6 A. which agree with measurements of 
PTCDA on HOPG^3.5' done under ambient condi- 
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Figure 3-20. A 200 A x 200 A STM image of PTCDA on 
HOPG showing a unit cell consisting of two molecuJes 
indicating the crystal lographic directions. Image taken in 
the constant current mode under UHV conditions, with a 
tip current of 200 nA and voltage of -800 mV (from ref 
58 ). 

tions suggesting the as-grown layers are stable. 
These results are also consistent with the enlarge- 
ment of the bulk unit celF in the (102) plane (a = 
11.96 A, 6 = 19.91 A). A similar cell enlargement 
has been observed the first few ML of PTCDA on 
AudllP and for PTCDA on alkali halide sub- 
strates.'*^^24 ^ j^^^^j ^ section 3.3.1.1, this enlarge- 
ment is anticipated for monolayer QE films of 
PTCDA due to the reduced vdW bond energy in 2D 
as compared with 3D. 

The orientation of the molecular layer with respect 
to the HOPG can be obtained by maneuvering the 
tip into holes in the overlayer^ or by removing the 
layer with the tip. ^22 Alternatively, by increasing the 
current, the tip penetrates the thin film, providing a 
direct image of the underl3ang graphite lattice."^ By 
these means, the angular relationship between the 
substrate and the overlayer can be directly deter- 
mined. For PTCDA, two domain orientations are 
observed with respect to the HOPG: The first (type 
I) is at an angle of 3° ± 3* between the a axis ([010] 
direction) of the PTCDA and the [11201 direction of 
graphite,«-57.58 second^ "*3.58.:o.i23 ^yp^ jj) jg 

at an angle of 10 ± l^ Although these measure- 
ments are only accurate within r or 2°, the type II 
orientation is clearly consistent with the calculated 
structure, which predicts 0 = 10.7 ± l^ Both 
arrangements are consistent with the POL coinci- 
dence fits of 3.1** and 9.9** (see Figure 3-16). All of 
these experimental and theoretical results obtained 
for PTCDA on HOPG are summarized in Table 4. 

Moire patterns shown in Figure 3-21 indicate a 
periodic superstructure at an angle of 10.5** with 
respect to the 6 axis ((201) direction) of the PTCDA 
unit cell. This result differs from Ludwig et al.^2 
which Moire fringes were observed parallel to the b 
axis resulting from a proposed commensurate 1x3 
superstructure. Due to the weak vdW bond and the 
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Table 4. Summary of Growth Parameters Measured for PTCDA on HOPG* 
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unit cell 



onentation to 



analytical technique 


dimensions (A) 



[1120] (deg) 


Duix i'lCLiA (10^) plane (from XKD) (ref 36) 


a = 11.96 






O — 13.91 




oiM (rets 1 ana 70) 


a = 15.2 ± 1.6 


e= 13.0 ±4 


total energy calculation (refs 72 and 99) 


o = 21.6 ± 2.2 




a = 15.6 ± 0.5 






6 = 19.8 i 0.5 


e = 10.7 ± 1 


uCtCjU { rei *iZf 


a = 12.5 ± 0.75 


^= -3 ± 0.15 




b - 19.2 ± 0.7 




o 1 ivi ( rei ) 


a = 12.7 


e = ±3.2 




6 = 19.2 










polytvoe 1 


n = 1 9 
u — i^.Dsf 


p — ±o.l 




6 = 19.22 




polytype II 


a = 12.37 


^ = ±9.9 


STM(ref 123) 


6 = 19.43 




a = 13.2 ±0.45 


^i = ±3 




b = 19.5 ± 0.6 


^2 = ±10.5 ±3 


Table from ref 123. 







molecular axes 
orientation 



48.9** to [201] 
41.1' tofOlO] 
55 ± 1.7' to [201] 
35± 1.7'to[010J 
49.3 ± r tc[201] 
40.7 ± rtofOlO] 



-49.5 to [201 J 
-40.5 to [010) 



48.6 ± 1.9' to [201] 
41.4 ± 1.9' to [010] 




Fi^re 3-21. A 200 A x 200 A STM image of a monolayer 
of PTCDA on graphite showing Moire fringes oriented 
parallel to the long arrow. The fringes are at a 10.5' angle 
to the b axis fat [010]) of the PTCDA unit cell (from ref 

58*. 

numerous degrees of freedom available to the layer 
as a means for reducing total energy (c.f., section 
3.3.1.1 ), it is unlikely that the molecules form a rigid, 
commensurate reconstruction on a scale equivalent 
to the repeat distance in the Moire pattern (-119 A 
along the [0101 direction and -215 A along the ([201] 
direction). Indeed, such a commensurate superstruc- 
ture (extending over >32 substrate unit celb) has 
also been proposed^^z fo^ NTCDA on HOPG, and 
NTCDA on M0S2, which is equally unlikely, particu- 
larly in view of the fact that small inaccuracies in 
calculating the size of the overlayer cell from the STM 
image can lead to large variations in this superstruc- 
ture periodicity. Instead, these results imply that the 
averlayer is incommensurate with the substrate, 
consistent with the QE growth model. 

To further understand the c ntrast appar nt in 
STM images of organic monolay rs, imag s hav been 
obtained for a wide range of tip biases. For example, 
a voltage-dependent contrast of the PTCDA layer has 
been observed.''^ Recall that the two molecules in the 



bulk (102) plane are tilted out of the plane,^^ a 
situation which might also obtain for monolayer films 
on HOPG. The slight difference in height between 
the two molecules would be observable when the tip 
is closest to the film (i.e., low bias voltages). 

However, the surface unit cell is expanded from 
that of the bulk, suggesting that molecules in the first 
ML probably lie parallel to the substrate plane. 
Thus, the molecules aligned with their long axis close 
to a symmetry axis of the substrate are expected to 
have low contrast due to increased interaction with 
the substrate. In this case, the molecules imaged 
with higher intensity at low biases would actually 
be less strongly bound due to a reduced substrate/ 
adiayer orbital overlap. At higher biases, these 
subtle effects would not be observed,*® giving rise to 
an equal intensity for both molecules in the STM 
images as observed. It is likely that a combination 
of both topographic and electronic effects contribute 
to the voltage dependent contrast. Indeed, this 
interpretation has been confirmed by electron-density 
calculations for the PTCDA/graphite interface, ^^s 

Figures 3-22a and 3-23a are STM images of filled 
and empty states, respectively. The images are taken 
at the lowest bias voltages below which the contrast 
of the organic monolayer is unobservable. Under 
these conditions, it is found that the PTCDA mol- 
ecules can be imaged with submolecular resolution.^ 
Molecular electron density calculations based on 
independent optimization of molecular orbitals (or 
ZINDO)«^^26-i2« are shown in Figures 3-22b and 
3-23b for PTCDA. There is a clear correspondence 
between the calculated HOMO and LUMO bands and 
the filled and empty electronic state images, respec- 
tively. The highly electronegative oxygen atoms in 
the carbonyl groups are calculated to have an excess 
charge of -^0.4 e compared with that on the nearest 
carbon neighbor. Nevertheless, the energy of these 
states lie lower than the HOMO, with no significant 
contribution to the STM images. Instead, the tt 
bonds in the perylene core contribute most to deter- 
mining the HOMO nergy, and henc ar m st 
clearly apparent in the STM images. 

The interpretation of these molecular images has 
been tested by Strohmaier et al.^^-^i ^j^q ^^^^ examined 
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Figure S-22. ia) Low bias, 100 Ax 100 A filled state STM image of PTCDA on graphite. Measurement conditions are a 
tip current of 0.1 nA and a voltage of -250 mV. (b) Molecular orbit calculation indicating the HOMO of a PTCDA molecule 
(from ref 58). 





Figiire 3-23. (a) Low bias, 100 A x 100 A empty state STM image of PTCDA on graphite. Measurement conditions are 
a tip current of 0.1 nA and a voltage of +250 mV. (b) Molecular orbit calculation indicating the LUMO of a PTCDA molecule 
(from ref 58). 



the smaller molecule, NTCDA. If the contrast mech- 
anism is the same for both PTCDA and NTCDA, the 
numher of contrast maxima should be equal to the 
number of C-C bonds in the molecular core, corre- 
sponding to the ten observed for PTCDA and six for 
NTCDA. This has been confirmed as illustrated in 
the STM image of Figure 3-24a where the Tigure 
eight" characteristic of the larger PTCDA molecule 
has been replaced by a simple "ringlike" image for 
NTCDA. In Figure 3-24b, molecular orbital calcula- 
tions of the NTCDA LUMO are shown which cor- 
respond well to the observed image of the C-C bond 
arrangement. 

Since the contrast in the STM images have been 
confirmed to result from the overlap of molecular 
orbitals in the thin film and substrate, the image 
striations, or Moire patterns, can thus be analyzed 



to accurately determine the relative orientation of the 
two lattices.^ This can be understood by considering 
the geometrical relationship between the two con- 
tacting lattices in Figure 3-25. Here, we write the 
unit vectors of the molecular layer, a and b in terms 
of the substrate vectors, Rg and bg using 

a = *ag + ft)g + Aa (3.10a) 
b = iag + j\ + Ab (3.10b) 

where iyj, k, and I are integers, and Aa and Ab are 
vectors which arise due to the mismatch between the 
incommensurate lattices. It can be shown that 
depending on the values of Aa and Ab, either a two 
dimensional or one dimensional Moire pattern will 
result. These two types of patterns are illustrated 
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and Figure 3-27 for a ID image^ due to 1,4-dithioketo- 
3,6-diphenylpyrn)lo(3,4<:]pyrrole» or DTPP, on HOPG). 
With a coordinate transformation, vectors Aa and Ab 
can be rewritten in terms of the substrate lattice 
coordinates using 

a' = Hg + Aa = +pbg + q\ (3.11a) 
b' = bg + Ab = bg + rag + sb^ (3.11b) 

where p, q, r, and s are numbers. Clearly, for the 
special case of AallAb, these values are related by ps 
- qr = 0. Referring once again to Figure 3-26, the 
Moire fringe unit vectors can be expressed in terms 
of the transformation coordinates, a' and h\ by 
introducing an additional set of numbers, A,, and Ab, 
which provide the periods of the contrast modulation 
along these two directions. Hence, the Moire pat- 
terns become periodic (with well-defined "basis" vec- 
tors, Bm, hu) for 



(a) 




(b) 

Figure 3-24. (a» STM image of NTCDA molecules on 
graphite showing six tunneling current maxima in a 
hexagonal arrangement corresponding well to the LUMO 
calculated for this molecule shown in b. Imaging cr^nditions 
were a sample voltage of -900 meV and a tip current of 
45 pAlfrom ref 122;. 




Figure 3-25. Schematic of the surfaie unii -r-r. .f an 
organic epita.xial iayer f solid lines* w::.*i dimen.-. a. b. 
King on a substraie dashed lines* wiih unit mt-r. ;,^iram- 
eters. a,, b-. Also shown are the "discrepancy v*. --. ..'-*. ^ 
and Sb and reduced lattice vectors, a* and b' fr .rr. .'Tf 96 ». 

in Figure 3-26. pans a and b, respectively, a.-.-: have 
both been observ ed experimentally see FiT.r-: s-21 
for a ID pattern * resulting from PTCDA .r. H'.'PG. 



Aa = (msLg + n\n^ (3.12a) 
Ab = (mag + n\)a^ (3.12b) 

where integers m and n satisfy the relationship pn 
- qm = 0. For a ID pattern, the equation of the 
Moire line intersecting the origin is A^v 4- = 0. 
Furthermore, the existence of these patterns imply 
that Aa and Ab are parallel to the substrate direc- 
tions defined by the lines {n,-m), and the end points 
of the vectors a' and b' lie on that same line. 

From this treatment, an accurate relationship 
between the ML film and the substrate lattices can 
be determined from the existence of the Moire pat- 
terns in the STM image. This has been done by 
Hoshino and co-workers*^-^-''^ for the cases of PTC- 
DA, DPP, and other molecules deposited on HOPG. 
For PTCDA on HOPG, the results obtained from the 
Moire analysis are consistent with earlier, direct 
measurements where the substrate and film were 
independently imaged (see Table 4). We note, how- 
ever, that the Moire analysis is considerably more 
accurate, providing angular relationships to perhaps 
within ±0.5**, whereas direct imaging accuracies 
typically do not exceed ±2*. 

The Moir^ fringe patterns therefore provide a 
striking example of several predicted features of QE 
growth. For example, the patterns may indicate the 
presence of MDWs acting to reduce stress due to 
lattice mismatch (see section 3.3.1.3), although this 
explanation is difficult to verify given the limited 
spatial resolution of the STM image. Alternatively, 
the Moire pattern may be due to electronic orbital 
interactions between the film and the substrate, as 
have been observed by STM for the vdWE growth of 
transition metal dichalcogenides^®^^® such as MoSeo 
on M0S2- A small angular misalignment of the film 
produces a large change in the angle of the Moire 
pattern. Nevertheless, whether the observed con- 
trast modulation is due to MDWs or due to orbital 
overlap (i. ., electronic) effects, both explanations are 
consistent with an incommensurate overlayer having 
a structure which, to first order, does not depend on 
the lattice constant of the substrate, but which tends 
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Figure 3-26. Calculated Moire patterns for two representative cases of an organic layer on a substrate following a point - 
on*line coincidence behavior. The larger points indicate where the center of a molecule lies closest to a substrate lattice 
point. The diagrams correspond to(a)a'= l.lag - 0.02hf« b' = 0.0 1 + 1.1 5bg. The small parallelogram indicates th? 
unit cell of the adsorbed layer, and aM and bM are the unit cells of the Moire pattern, (b) a' = Lla^, b' = -O.OSag + bj. 
Here r^i indicates the direction of the one dimensional Moire line, and a., are the periods of the ID contrast modulation 
along a' and b' in the adsorbed layer, respectivel> (from ref 96). 

also points to a fundamental and obvious limitation 
of quasiepitaxy: If the symmetries of the two lattices 
are not identical, the deposited layer must contain 
high-angle grain boundaries between islands which 
have separately nucleated at different lattice sites. 
Given that the monoclinic cells characteristic of many 
crystalline organic semiconductors have only 2-fold 
symmetry, achieving perfect or near-perfect film 
order is restricted to growth on substrates with 
similarly low sjonmetries.^'^*^-^^® 

Finally, STM has also been used to determine the 
relative orientation between layers in PTCDA films 
of from 2 to 3 ML in thickness in order to study the 
evolution of film growth immediately following nucle- 
ation.^® Figure 3-29 shows detailed images of two 
sides of a PTCDA step from 1 to 2 ML coverage. The 
domain orientation is clearly the same in each of the 
two layers, with the step-edge aligned along the 
PTCDA a axis. The observation of preferential 
alignment of step-edges along the a axis implies an 
anisotropy of the in fro layer binding forces which are 
greater perpendicular to the 6 axis than to the a axis, 
leading to low-energy steps along the [010] direction. 
That is, the lack of small islands suggests that there 
is high surface molecular mobility even at room 
temperature and that molecules have a significantly 
lower energy when attached to a large domain. 

Farthermore, these STM images are consistent 
with QE ordering. Specifically, growth begins as an 
ordered overlayer which is not lattice matched to the 
substrate and continues in a quasi-epitaxial, slightly 
strained, layer-by-layer manner.^^^^ *^-^ In addition, 
the small angle observed between the PTCDA and 
the (1120)HOPG axis is consistent with calculations 
which suggest that the overlayer orientation is 
determined by energy minimization with respect to 
the substrate. Due to the low energy of the vdW 
bond, however, the strain induced by the lattice 
mismatch is not sufficient to strongly distort the 
overlayer on a scale observable by STM. 

3.3.2.2. In Situ Observation of the Evolution of QE 
Growth, RHEED has proven to be a useful tool for 
providing a direct observation of the evolution of 
PTCDA film nucleation and subsequent growth from 
monolayer (ML) to multilayer stacks.^^.ioo 
RHEED as a means for in situ growth has led to a 
more complete understanding of how highly ordered 



Figure 3-27. A 250 A x 250 A filtered STM image of 
DTPP film deposited on graphite. The parallelogram in the 
image indicates the surface unit mesh of DTPP. ID periodic 
contrast modulation of the Moire pattern is indicated by 
the arrows (from ref 96). 

to slightly misalign from a symmetry axis in order 
to reduce strain.^^ 

Scanning tunneling microscope images taken over 
larger fields of view show boundaries between adja- 
cent OMC film domains. For example, an STM 
image over an area of (TSOA)^ near such a domain 
boundary of PTCDA on HOPG is shown in Figure 
3-28a. with a similar image for NTCDA on HOPG 
shown in Figure 3-28b. In both cases, the angle 
between the epitaxial molecular axes measured in 
different grains is always observed to be an integer 
multiple of .t/3 rad.^ ♦3/i8.i22 Although HOPG pK)s- 
sesses only 3*fold rotational symmetry, nucleating 
islands of PTCDA on the surface of graphite are 
energetically identical at rotations ofn/3 rad.^ The 
absence of any other angles in the observed STM 
images provide additional strong evidence for a 
preferred angle of orientation between the organic 
layer and the substrate, which is striking evidence 
for QE growth. That is, even though the two lattices 
are incommensurate, they align in a consistent 
fashion with respect to each other. This observation 



* UltratRn Organic Films G'cwn by OMBD 




Chemical Reviews. 1997. Vol. 97. No. 6 1821 




Figure 3-29. STM image of a step up from a monolayer 
to a second layer of PTC DA deposited on graphite. The 
striations in the image are due to heightened contrast along 
the a axis of the PTC DA unit cell to which the step is 
aligned (from ref 58). 




(b) 

Figure 3-28. (a) STM image of a domain boundary of 
PTCDA grown on a graphite lattice. The arrows in each 
comain indicate the 6 axis of the PTCDA lattice and the 
cirection of the ID contrast modulation. Experimental 
conditions are a tip current of 20 pA and a sample voltage 
of 400 mV (from ref 43). (b) A 500 A x 500 A STM image 
of a domain boundary of NTCDA grown on graphite. The 
angle between domains is 120** due to the hexagonal 
s>'mmetr>* of the substrate. Experimental conditions are a 
tip current of 18 pA and a sample voltage of -500 mV (from 
ref 122 ». 

QE and vdWE films can be achieved.*^2^^-*^is:.io5.i3o-i35 
Typically. RHEED patterns are obtained using an ^8 
keV electron beam directed onto the film surface at 
an angle of from 1** to 2*. Care must be taken to 
minimize exposure of the thin film to the e beam 
since extended bombardment by high energ>' elec- 



trons can cause damage to fragile organic molecules 
such as NTCDA-^^w 

A typical series of RHEED pattems^-^^ obtained 
during a growth sequence of PTCDA on HOPG is 
shown in FigUie 3-30. The RHEED pattern for the 
bare graphite substrate is shown at the top lefl. 
From the measured spacing of the streaxs and the 
beam parameters, a surface unit cell (or surface net) 
spacing of 2.17 ± 0.04 A . was measured, correspond- 
ing to the (220) reflection of graphite. After ~1 A of 
PTCDA is indicated on a crystal microbalance thick- 
ness monitor, the graphite streaks fade, and com- 
pletely vanish after a full ML (--3 A) is grown. At a 
film thickness of 10 A (--3 ML), the graphite features 
are replaced by a set of long, continuous streaks 
shown in Figure 3-30, indicating that the first few 
layers of PTCDA are both crystalline and smooth. 
The dimensions of the surface unit mesh inferred 
from these patterns are compiled in Table 3 and 
indicate a somewhat expanded surface reconstruction 
from the bulk, consistent with both calculations and 
STM data also provided in the table. 

Continuous streaks indicate film flatness (to within 
a monolayer) over a coherence length of the electron 
beam.*^ *^^ While the contact between the beam and 
the film surfac** is typically a few millimeters in 
length, the coherence length is only on the order of a 
few hundred Angstroms. Hence, continuous streaks 
indicate a molecularly smooth surface over at least 
this distance. STM studies discussed in the previous 
section have indicated a layer-by-layer growth mode 
on HOPG covering areas >( 1000 A) 2 As will be 
shown in the following section, this distance in fact 
exceeds several micrometers for PTCDA growth on 
Au(l 11) which has a substantially higher interaction 
energy (and correspondingly larger 4>mu/') than for 
HOPG Hence we anticipate that continuous RHEED 
streaks in the case of PTCDA and NTCDA on 
graphite are indicativ of molecularly flat layers over 
extremely large distances. 
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Figure 3-30, A series of RHEED patterns obuined for 
diirerent thicknesses of PTCDA grown on HOPG (whose 
pattern is shown in the upper left). The 20 A film RHEED 
pattern shown at the bottom has been contrast enhanced 
to exhibit the deUil in the brightest and faintest part of 
the pattern (from ref 1). 

As growth proceeds to 20 and 50 A, the positions 
of the intense streaks remain unchanged, although 
variations in intensity begin to appear at 50 A (-15 
ML) along the length of the streaks, even though the 
gr wth rate has remained at 0.5 A/s. These RHEED 
patterns show that the crystalline organic layer 
retains a high degree of surface planarity and order. 
As the film thickness is increased to 220 A. and then 
*'n;i!ly to 1000 A (Figure 3-30. bottom), the RHEED 




HOPG 




PTCDA(10A)/HOPG 

Figure 3-31. Low-energy electron diffiraction pattern from 
(a) a bare HOPG surface and (b) a 50 A thick PTCDA film 
grown on HOPG. The electron beam energies were 100 eV 
for image a and 13 eV for image b (from ref 101 ). 

pattern periodicity remains unchanged from its value 
for thinner layers, although the continuous streaks 
have broken into several segments separated by very 
faint streak remnants. As noted above, this streak 
segmentation indicates that the film surface has 
become uneven on a molecular scale, although the 
crystalline structure remains unchanged. 

The azimuthal orientation of PTCDA on HOPG has 
been further examined using low energy (--15 eV) 
electron diffraction which is performed at near nor- 
mal electron beam incidence.^®^ Figure 3-31, parts 
a and b, are LEED patterns obtained from bare 
HOPG and from a 50 A PTCDA layer grown on a 
room temperature HOPG surface, respectively. Both 
exhibit a ring-like structure characteristic of multiply 
rotated, single-crystal domains distributed on a flat 
surface. In Figure 3-31a, the radius of the inner-ring 
corresponds to reflections from lattice planes spaced 
at 2.46 A, characteristic of HOPG. The pattern, 
therefore, results from a superposition of multiple 
hexagonal grains slightly rotated with respect to each 
other. 
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Figure 3-32. RHEED patterns obuined for 30 A thick 
PTCDA films grown on a HOPG substrate held at T^b = 
100 K (top) and T^^b ^ 325 K (bottom) during growth (from 
ref 1). 

Th PTCDA diffraction rings in Figure 3-31b are 
continuous, indicating the existence of multiple PTC- 
DA domains distributed inside the HOPG domains. 
As in the case of the RHEED experiments, the 
dimensions of the PTCDA single-crystal domains 
(approximately several micrometers) are larger than 
the LEED coherence length (100-200 A), as evi- 
denced by the thinness of the diffraction rings. . 

As discussed in section 3.3.1, QE is a kinetically 
controlled growth mode, with the resulting structure 
depending on a balance between thermal energy, 
bond energy, and rate of deposition. Hence, we 
anticipate that structure depends critically on the 
substrate temperature.*^ While substrate 

temperature effects have been examined in detail for 
PTCDA on Au(lll) (see section 3.3.2.3), they have 
also been studied for PTCDA on HOPG using in situ 
RHEED." In Figure 3-32, the RHEED patterns for 
two. 30 A thick (-9 ML) PTCDA films grown on 
HOPG substrates temperatures of Tsub = 100 K (top 
image), and at r,ub^ = 325 K (bottom image) are 
compared. The discontinuous RHEED streaks for 



Figure 3-33. Scanning electron microscope images of the 
surface of a PTCDA film grown on glass at a substrate 
temperature of (a) r.ub = 293 K and (b) T^^b = 90 K (from 
ref 1). 

growth at elevated temperatures suggests a some- 
what less planar PTCDA surface than for the case 
of the low temperature growth. This difference in 
surface morphology is also apparent from scanning 
electron microscope images taken for samples grown 
under similar conditions to those in Figure 3-32. For 
example, 0.4 |/m thick PTCDA films deposited at 
room temperature at a rate of 3-5 A/s consist of a 
mesh of crystalline filaments approximately 0.2 fim 
long, as shown in Figure 3-33a. These crystalline 
filaments are oriented randomly on the surface. For 
the same films deposited at 90 K (Figure 3-33b), the 
surface is smooth, and a uniform, more ordered, film 
is achieved. 

Studies of QE growth of single organic layers 
has also been extended to organic multilayer 
structures.^^«>^38.i39.ui-i45 As will be shown in sec- 
tion 4, such organic multilayers have recently become 
the focus of considerable interest due to their numer- 
ous device applications.^^'^r.iie-ug well as their 
usefulness in revealing many aspects of fundamental 
excitations in OMCs which have been inaccessible via 
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Figure 3-34. RHEED pattern of multilayers of PTCDA 
ajnid NTCD^ grown on a HOPG substrate, (a) PTCDA on 
NTCDA on PTCDA and (b) NTCDA on PTCDA on NTCDA 
on PTCDA. All layers are 20 A thick(from ref 1). 

studies of the bulk material properties.^ 24.29.34,150-152 
Hence, understanding of structure is integral to 
revealing the physical properties of these interesting 
structures. Using RHEED diffraction patterns from 
alternating thin films of PTCDA on NTCDA, it was 
found that each layer is crystalline with its own well- 
defined surface unit cell, regardless of significant 
lattice mismatch with the underlying layer on which 
it was deposited. 

A typical series of RHEED pattems^^**° obtained 
during the growth of a PTCDA/NTCDA alternating 
layer structure is shown in Figure 3-34. Figure 3-34a 
shows the pattern resulting fi-om the subsequent 
deposition of 20 A (-3 ML) of NTCDA on 20 A of 
PTCDA (c.f., Figure 3-30) on HOPG. followed by a 
second 20 A thick layer of PTCDA; i.e., a total of 60 
A of organic material. The electron beam was 
observed to damage the fragile NTCDA layer very 
rapidly; the streaks fading in only a few seconds. To 
ensure a good surface for the growth of the second 
layer of PTCDA, therefore, the first layer of NTCDA 
was not exposed to tho beam. Streaks for the top 
PTCDA layer are apparent as in the case for a sinele 



. . • . Forres: 

layer PTCDA film, and are measured within experi- 
mental error to be at identical lattice spacings to 
those measured bom the first PTCDA layer deposited 
on HOPG. Clearly, the second layer of PTCDA 
remains crystalline and two-dimensional. Further- 
more, the surface unit cell of PTCDA grown on 
NTCDA is observed to be identical to PTCDA grown 
on HOPG, despite the different lattices of the under- 
lying layers in those two cases. The RHEED pattern 
from the second layer of PTCDA also indicates that 
the underlying NTCDA layer is planar, thus resulting 
in a sharp PTCDA/NTCDA interface. 

Figure 3-34b shows the RHEED pattern resulting 
from the subsequent deposition of a second 20 A thicit 
layer of NTCDA; a total of 80 A of organic film 
material. As in the case of the other layers, the 
fourth layer of the organic heterostructure exhibits 
crystalline order, with a different RHEED pattern, 
and hence surface unit cell, to that of PTCDA. 
Following the example of PTCDA, some surface 
reconstruction from the bulk lattice spacings is 
expected. Assignment of the streaks suggested a 
reconstructed NTCDA surface unit cell of dimensions 
13.0 ± 0.6 A X 5.1 ± 0.2 A. 

It is also apparent that the herringbone crystal 
structure of NTCDA"*^22,i53 ^jj result in some dif- 
fraction out of the substrate plane even if the layer 
is completely flat, i.e., the electron beam will provide 
limited 3D structural information along the NTCDA 
a axis which will manifest itself as diffuse spots in 
the diffraction image. This represents a RHEED 
pattern in which spots fi-om the ''3D" diffraction and 
streaks from the "2D" diffraction are expected to 
appear in the same image. The planarity of the 
NTCDA layer is inferred by the ability to grow a 
highly planar layer of PTCDA on its surface. 

As an additional example of QE deposition, Figure 
3-35a shows the image from a 20 A thick layer of 
CuPc grown on top of a 20 A thick PTCDA film on 
HOPG.^ The many orders of diffraction visible in the 
pattern indicate a crystalline layer of CuPc of unit 
mesh dimensions of 13.3 ± 1 A x 17.5 ± 1 A. This 
is reasonably consistent with the "rowlike" phase 
previously observed in STM images^^^^^ of a mono- 
layer of CuPc with a 2D surface unit cell with b = 
17.5 ± 1 A, c = 15.5 ± 1 A, and angle between the b 
and c axes of a = 98 ± 1*. 

Figure 3-35b shows the RHEED pattern resulting 
from the deposition of a further 20 A of PTCDA on 
top of the CuPc. The diffuse arcs indicate a layered 
structure, but no crystalline order within the layers. 
The CuPc surface is clearly unsuitable for growth of 
PTCDA due to 3D growth in the CuPc layer, as 
indicated by the lack of extended streaks in the CuPc 
RHEED pattern. From these observations, we con- 
clude that although lattice matching is not strictly 
required, a molecularly flat surface is a necessary 
condition to achieve QE growth. 

This apparent "asymmetry" in growth order has 
also been observed for VOPc/PTCDA multilayer 
structures. It was found that,^^- starting with groulh 
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Figure 3-35. RHEED pattern of multilayers of PTCDA 
and CuPc grown on a HOPG substrate: (a) CuPc on 
PTCDA and (bt PTCDA on CuPc on PTCDA. All layers are 
20 A thick. Note that b indicates amorphous growth of the 
top layer ( from ref 1 1. 



Figure 3-36. (a) X-ray diffraction data for films deposited 
at room temperature: (curve a) 15 nm VOPc, (curve b) 15 
nm PTCDA, (curve c) 15 nm PTCDA/15 nm VOPc, (curve 
d) 15 nm VOPc/15 nm PTCDA bilayer, (curve e) 105 nm 
VOPc/15 nm PTCDA bilayer. (b) Optical absorption spectra 
for the same films shown in part a (from ref 152). 



on a quartz substrate maintained at room tempera- 
ture, layers of PTCDA grown on VOPc exhibited 
considerable stacking order, whereas the opposite 
combination (VOPc on PTCDA) tended to result in 
th(* amorphous growth of VOPc on an otherwise 
ordered PTCDA layer. This is apparent from the 
X- -ay diffraction patterns shown in Figure 3-36a 
Curve a is for a 15 nm VOPc film, whereas b is for a 
PTCDA film of similar thickness. The broad peak 
at 26^ = 2r is the background from the substrate. 
For samples consisting of 15 nm of PTCDA grown 
on 15 nm of VOPc (curve c), peaks are due to stacking 
of phase II VOPc molecules along the (010) direction 
(at = 7.54"*). However, when the deposition order 
is reversed, the (010) peak disappears indicating 
significant film disorder, similar to the case of 
PTCDA grown on CuPc.^ 

The structural differences between the films also 
influences their exciton spectrum, as shown in Figure 
3-36b. Small blue shifts of the PTCDA peak (marked 
by an arrow in curves b and c» are observed when 
this material is deposited on the surface of VOPc. 
Oihorwise. the spectra of both PTCDA and VOPc 



remain unchanged from their bulk absorption. As 
will be shown in section 4, this small blue shift is 
probably a result of quantum size effects observed 
in ultrathin PTCDA layers. In contrast to these 
relatively minor effects, there are considerable dif- 
ferences in the absorption spectra of VOPc depending 
on whether PTCDA is deposited as the first or the 
second layer. These shifts, particularly in curves d 
and e, wheie the VOPc lies on the surface of the 
PTCDA layer, are strongly indicative of considerable 
film disorder, consistent with the X-ray data. From 
these crystallographic and absorption data, we con- 
clude that the structure of the VOPc depends criti- 
cally on the order of growth. This "interface asym- 
metry" has been widely observed in the growth of 
III-V heterojunctions.*^^^" and is attributed to the 
different rates of atomic diffusion (i.e., P-As ex- 
change is considerably more active at InP/InGaAs 
interfaces than at InGaAs/InP heterojunctions^^). 
This observation f r Pc/PTCDA interfaces also indi- 
cates that intermolecular diffusion can play a role 
in determining film structure. It is a direct result of 
the bonding energy at the VOPc/PTCDA interface 
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TabI 5. GIXD Diffraction Peak Positions and Widths (From Ref 73) 



(0,1.2 ) 0.8230 ± 0.0005 0.015 i 0.0006 0.367 ± 0.003 0.05 i 0.06 

(0.1,2r 0.8213 ± 0.0004 0.0115 ± 0.0006 0.372 ± 0.004 17.19 ± 0.05 

(0.2.4» 1,641 ± 0.001 0.0186 ± 0.0017 0.74* 0.3 ± 0.4 

iOA'lfi 0.6064 i 0.0005 0012 - 0.001 0.2087 ± 0.005 23.39 i 0.07 

^O.l.li 0.6065 ± 0.0005 0.0139 = 0.001 0.209^ 19.64 ± 0.06 

n,0.2» 0± 0.003 1.949 ±0.0006 



" These diffraction peaks come from different sublattices, whose orientation differs only by multiple of 60" with respect to the 
substrate. * The exact Q, position of these peaks was not measured. 



and the substrate temperature during growth which 
promotes molecular diffiisiun along the surface. Such 
diffusion processes play even a greater role in dis- 
rupting the flatness of organic/inorganic semiconduc- 
tor and organic/metal superlattices.^*^^**^*^^^ That 
is, the large heat of condensation associated with 
inorganic materials may induce significant interface 
diffusion prohibiting the realization of molecular 
abruptness in these cases. 

3,3.2.3. Strain Evolution in QE Systems: PTCDA 
on Au( 111), An interesting feature of QE is that the 
strained layer does not necessarily relax into its 
equilibrium (bulk) crystal habit even after several 
hundreds, or even thousands of Angstroms have been 
grown. To develop a complete picture of the nature 
of these thin films, nucleation, growth, and strain of 
PTCDA on Au(lll) have been studied using 
glancing incidence X-ray diffraction (GIXD). Here, 
Au(lll) serves as an ideal substrate on which to 
study strained QE films since the PTCDA/Audll) 
bond energy is higher than for the relatively un- 
strained case of PTCDA on HOPG. However, the 
binding energy is not so high that lattice-matched 
epitaxy occurs. As we have shown in section 3.2, 
epitaxy results in the buildup of strain energy, 
leading to amorphous or polycrystalline growth afler 
only a few monolayers are deposited. Even though 
the substrate-molecule interactions in PTCDA/Audll) 
are sufficiently strong to introduce strain into the 
thin film, they are not strong enough to lift the 
characteristic 23 x >/3 reconstruction of the substrate 
surface. This indicates that PTCDA molecules are 
physisorbed onto Audll) via vdW interactions and 
that there is relatively little charge exchange across 
the interface. 

Studies of PTCDA on Audll) have provided the 
most comprehensive and precise picture of organic 
thin film growth by either epitaxial or quasi-epitaxial 
modes. For these studies,^^ PTCDA films were 
grown on Audll) substrates by OMBD at a rate of 
0.1— O.2A/8. The growth was performed in the same 
chamber which housed the X-ray diffracto- 
meter (with an X-ray wavelength of A = 1.285 A) 
attached to the National Synchrotron Light Source 
at Brookhaven National Laboratories. 

The 2D structure of PTCDA/Au( 111) grown at room 
temp rature can be determined from the Bragg peak 
positions as a function of momentum transfer parallel 
to the surface, Qn, and the azimuthal orientation, ^, 
of the diffraction peaks with respect to the Au surface 
Bragg rods. The spacing and stacking of the 2D 
PTCDA lamella wer<» determined by the magnitude 
of the momentum transfer perpendicular to the 
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Figure 3-37. GDQ) data vs momentum transfer parallel 
to the substrate, Qiu and the azimuthal orientation, 0. 
Azimuthal scan of the (a) (Oil) diffraction peak and (b) 
(012) peak, (c) Radial scan of the (Oil) difEraction peak for 
<p - 23.4' (closed circles) and ^ = 19.6" (open circles), (d) 
Radial scan of the (012) diffraction peak for 0 = 0' (closed 
circles) and ^ = 17.2' (open circles), (e and f) : High- 
resolution radial scans through the (012) and (024) pes^, 
respectively (^ = 17.2'). The solid lines in c-f are fits to 
the data (using a Gaussian and a linear background), while 
the lines in a and b simply connect the data points. The 
resolution was AQn = 0.009 A** and AQ, = 0.18 A">. In a, 
c, and f, the intensities are multiplied by a factor of 2 (from 
ref 73). 

surface plane, Q,. Table 5 summarizes the GIXD 
data taken from the diffraction spectra in Figure 
3-37. The lattice spacings are consistent with those 
obtained from RHEED*'^ " provided in Table 3. 

In Figure 3-37, parts a and b, we show the 
azimutkal dependence of the (Oil) and (012) diffrac- 
tion peak intensities. The fUm/substrate azimuthal 
orientation is defined by the ahgnment of the (012) 
diffraction peak along the azimuth containing the Au 
surface diffraction at ^ = 0 (see Figure 3-37b). The 
Bragg spacing of the (012) plane is incommensurate 
by 2^c with respect to the nearest multiple of the 
substrate lattice spacing. 
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Figure 3-38. Schematic of the (a) reciprocal, and (b) real 
space, incommensurate structiire of the PTCDA film on 
Au(lll), with the unit cell noted in each. In a, the open 
(closed) spots indicate the positions of the PTCDA (Au 
surface) diffraction conditions as a function of Qii. The 
dashed and solid lines in a denote the azimuths in which 
the (0 1 ±1) and (0 1 ±2) peaks are found, respectively. 
Note that the azimuth containing the (012) diffraction peak 
is aligned with the Au surface diffraction peak (solid spot). 
The vertical solid lines in b denote the (012) Brass planes 
(fromref73). 

A PTCDA film having a particular orientation 
(with its symmetry equivalent orientations separated 
by 60*") exhibits both (012) and (012) Bragg peaks, 
which have an azimuthal separation (A0) determined 
by the lattice spacings (a,6), of the PTCDA imit cell 
given by^^^ 

^<t> = ^012 - <^oi2 = 2 tan'\2bVa*) = 

2tan~H2a/b) (3.13) 

where a* and 6* are the reciprocal lattice vectors 
corresponding to the (010) and (001) Bragg peaks, 
respectively. For an unstrained PTCDA lattice, a/b 
= 0.6007 (see Table 2) corresponding to a peak 
separation of = 100.5°. Given the 6-fold sym- 
metry of the top Au layer, this results in an azi- 
muthal separation of 19.5*. Therefore, an imstramed 
PTCDA film ahgned along ^ = 0° would exhibit (012) 
Bragg peaks at 0 = 0*, and (012) Bragg peaks at<p~ 
19.5" and 40.5" (as well as at symmetry equivalent 
orientations separated by 60"), as observed in Figure 
3-37. Consequently, while the (012) and (012) Bragg 
peaks are equivalent with respect to the film, they 
have inequivalent orientations with respect to the Au 
substrate (see Figure 3-38). 

Note that some samples show a larger number of 
peaks than in Figure 3-37. For example, in some 
cases.i^* = 15.2 ± 0.3% which is significantly 
smaUer than = 19.5" observed in Figure 3-37. The 
number of inequivalent film orientations apparently 
dep>ends upon the detailed characteristics of the Au 
substrate and growth conditions. Some of the 
variability between Au substrates may be due to 
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Figure 3-39. Radial scan d^ta as a function of of the 
(102) Bragg peak corresponding to the lamella spacing. The 
slowly increasing "background" is due to the Au surface 
tnmcation rod. The inset shows the rocking curve of the 
(102) peak, showing alignment with the surface normal of 
the Au substrate. Resolution was Aft, = 0.09 A"^ and AQ, 
= 0.009 A-» (from ref 73). 

variations in their surfaces, such as the magnitude 
and direction of the surface miscut. 

From eq 3.13, the aspect ratio (a/b) of the PTCDA 
unit cell can be determined. For example, A<f> = 15.2 
± 0.3° corresponds to an aspect ratio of a/6 = 0.649 
± 0.003. Defining strain as c5 = ([a/bhm ' la/b]^V 
([a/6]buik), then d = 8%. In the context of inorganic 
growth, this is an extreme degree of straui. Simi- 
larly, the aspect ratio for the (p = 30* domain is foimd 
to be a/6 = 0.615 ± 0.003, corresponding to a strain 
of <J = 2.4%. The dependence of the lattice strain 
upon the azimuthal orientation of inconunensurate 
domains with respect to the same substrate is a 
demonstration of the QE nature of this film system. 

The X-ray diffraction intensity near the (102) 
PTCDA Bragg peak as a function of the momentum 
transfer perpendicular to the surface, Q„ is shown 
in Figure 3-39. The interplanar stacking distance 
inferred from the diffraction peak position is dio2 = 
3.22 ± 0.01 A, consistent with bulk values for this 
molecule. A rocking scan through this peak (inset, 
Figure 3-39) indicates that the (102) direction is 
aligned with the Au(lll) surface normal to within 
<0.r, implying that the PTCDA molecules lie flat 
on the Au(lll) surface. The existence of fiinges on 
either side of the PTCDA Bragg peak impUes that 
the film has a well-defined cryst^ne thickness over 
the -1 mm^ area of the X-ray beam spot, while the 
rapid attenuation of these fringes suggests some 
degree of film roughness. In contrast, films grown 
at higher substrate temperatures do not show these 
oscillations, due to complete 3D islanding. Both of 
these features will be discussed further below. 

While the (102) peak width, AQ, determines the 
average thickness, of the films (AQ = 2.t/L). the 
shape of this diffraction peak (in particular, near the 
shoulders) provides a measure of the disorder in the 
film thickness. These data are described by an 
incoherent superposition of the scattering from a 
uniform, 17 ML PTCDA film and the Au surface, 
although the lack of complete destructive interference 
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Fipire 3-40. X-ray diffraction patterns of PTCDA filjDB 
on Au(lll><oated LaSFe substrates deposited at different 
substrate temperatures. The oscillations at small 6 indicate 
considerable film flatness (from ref 140). 

suggests a limited roughness of the layers. The fihn 
surface has been exaniined"^ using atomic force 
microscopy (AFM). An average domain size of -500 
nm IS observed, with layer-by-layer growth within the 
domains resulting in nearly monolayer flat PTCDA 
surfaces. This domain size is consistent with the 
dimensions of the Au substrate domains, suggesting 
that nucleation at substrate domain step edges may 
determine surface morphology in strained QE sys- 
tems. The PTCDA domains are separated by 
narrow valleys, indicating that strain relief is occur- 
ring via a Stranski-Krastonov growth mechanism. 

Similar results, indicating even smoother PTCDA 
surfaces were found by Fuchigami et al.^^^ In Figure 
3-40 are shown the X-ray diffraction patterns ob- 
tained at a function of growth temperature. As in 
the work of Fenter."! the PTCDA (102) planes are 
found to Ue parallel to the Au(lll) substrate surface 
and hence only the (102) and (204) reflections are 
visible in these spectra. This conclusion was verified 
by measuring the relative intensities of the out-of- 
plane and in-plane molecular vibrations using Raman 
scattering. There are very pronounced oscillations 
m the GDCD diffraction patterns as the X-ray glanc- 
ing angle, 0, approaches 0'. These oscillations, only 
apparent for samples grown at r„b < 100 *C. indicate 
the existence of very flat organic film surfaces when 
grown under nonequilibrium (i.e., QE) conditions. 
This improved order and surface flatness is consis- 
tent with electron micrographs obtained for these 
same samples. This study showed that the total 
average molecular orientation improved considerably 
as substrate temperature was reduced. 

The evolution of growth was quantified using the 
intensity dependence of the specular X-ray reflection 
as a function of film thickness.'* Figure 3-41 shows 
the specular beam intensity obtained during PTCDA 
growth at a rate of 4.2 MlVmin, and a substrate 
temperature of 75 **C. These intensity osciUations 
result from interference between the PTCDA and Au 
Bragg truncation rods,'^! coincide with the onset 
of film growth on the Au(lll) surface. The osciUa- 
tions are present for 3-4 ML, after which they cease, 
givmg way to an average intensity due to a constant 
level of coherence between X-rays reflected from the 
substrate and film surfaces. This suggests the pres- 
ence of a -3 ML thick "wetting layer" occurs under 
this elevated substrate temperature, followed by 




Time (min) 

Figure 3-41. Time dependence of the X-ray specular 
reflectivity at the PTCDA anti-Bragg point OsciUations in 
the mtensity are clearly observed afler the shutter is 
opened at i = 0, and the coverages corresponding to each 
successive monolayer a* e indicated. Film growth conditions 
are 4.7 ML^min at = 75 **C (from ref 74) 
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(012) Bragg peak for PTCDA on Au(lll) as a function of 
the incident angle, cl Also shown is the inverse penetration 
depth. 1/A (l/A). as a function of a. The shift in t^e Bragg 
peak position appears when the incident angle is decreased 
below the critical angle, a, (i.e.,. when the penetration 
depth becomes smaller than the film thickness) (from ref 
73). 

further growth of islands which eventually occupy 
most of the substrate surface area. As the film 
thickness increases, however, the regions between 
the layers fill in. resulting in relatively flat film 
surfaces. 

In contrast to PTCDA on Au(lll), studies of thick 
(0.4 ^m) PTCDA films grown under nonequilibrium 
conditions (i.e., high growth rates or low substrate 
temperatures) exhibit extremely flat surfaces without 
any evidence for islanding when grown on amorphous 
substrates.^ Furthermore, studies of -300 A thick 
PTCDA films on oxidized silicon substrates*^* or n 
HOPG*2 ^gi2 g^jjj^ reports^*** of PTCDA n 
Au(lll) did not find any evidence for island nucle- 
ation. This suggests that the appearance of islands 
depends critically on details of the substrate surface 

and the strength of the organic film/substrate inter- 
action. ^2 

To determine the mechanism for strain relaxation 
on Audll) substrates, the PTCDA lattice dimensions 
as a fiinction of depth in thicker films have also been 
examined.73 In pi^^ 3^2, the (012) peak position 
of an 1100 A thick fihn on Audll) is plotted as a 
function of the X-ray beam incident angle. Since 
X-rays exhibit total external reflection, the penetra- 



tjon depth, z^^iOk, of X-rays is greatly reduced at 
incident angles below the critical angle of Oc = 0.16' 
(for PTCDA at >l = 1.285 A), and hence varying this 
angle provides the depth dependence of the fiim 
lattice parameters. These data show a small mono- 
tonic shift in radial peak position, Q, as a function of 
incident angle, indicating some minor strain relax- 
ation in the top ^40 A of the film. However, this 
relaxation is only A'-0.2%, whereas in this case the 
film itself is strained by at least 3.8% from its bulk 
(equilibrium) structure. Hence, QE films have the 
unique property of growing into nonequilibriiun 
structures determined, to some degree, by the mis- 
match of the adiayer lattice to that of the substrate. 
These nonequilibrium structures do not relax, but 
rather the strain is frozen in to a structure estab- 
lished by the first or second ML. In effect, the 
substrate acts as a template, generating a "new" 
crystal structure depending on the details of the 
substrate and the strength of the substrate/organic 
thin film interaction. 

Strain, as observed for PTCDA/Audll), cannot 
build up indefinitely without generating a high misfit 
dislocation density. One mechanism suggested in 
section 3.3.1.3 for strain relief is via generation of 
MDWs, which result in periodic variations in one of 
the several unit cell degrees of freedom. In incom- 
mensurate systems, adjacent unit cells within the 
first ML are in slightly different (but spatially 
correlated) positions with respect to the substrate 
lattice. Hence, the degree of perturbation within a 
particular unit cell to minimize energy will also be 
spatially correlated to neighboring cells. This spatial 
correlation should then give rise to a periodic (but 
small) variation in the positions of atoms within the 
surface net. These periodic variations are a mani- 
festation of MDWs in large molecular systems as 
compared to monatomic inert gas atom systems 
where the lattice positions themselves are periodi- 
cally displaced. [ 

While there is as yet no conclusive evidence for 
such MDWs in QE films, Fenter and co-workers'^ 
observed that the (012) PTCDA diffraction peak 
position was 0.12% larger than the (012) peak, and 
the width of (012) peak was also 30% larger than that 
of the (012) peak (see Figure 3-37c-f). The broaden- 
ing mechanism is not fully understood, however, the 
(0 1 ±2) Bragg planes differ only in their orientation 
with respect to the Au(lll) substrate (Figure 3-37d), 
so these structural asymmetries may reflect the 
perturbation of the PTCDA lattice due to its interac- 
tion with the Au substrate. This broadening is 
consistent with a MDW since it is strongest near the 
(012) direction which lies along the Au symmetry 
axis, and is weakest at large angles with respect to 
this alignment direction, where the (012) and (Oil) 
peaks are found at -^IT and -83' relative to the 
(012) peak orientation, respectively. 

From the foregoing discussion, it is apparent that 
QE is a kinetically controlled growth mode resulting 
in strained, nonequilibrium structures. To explor 
the conditions Iead[ing to a transition between QE and 
equilibrium epitaxial structur s, both th substrate 
temperature and dep>osition rate were varied, and 
correlated vath the resulting PTCDA on Au(lll) 
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Figure 3-43. Lattice strain, defined as the fractional 
deviation of a/6 from bulk, as a function of PTCDA film 
thickness plotted tor (a) the NEQ regime (with a deposition 
rate of -4 ML/min), and (b) the EQ regime (with the 4.4 
and 17.3 ML films grovm at Tsub = 170 °C. while the 1 ML 
film was grown at 100 *'C at a growth rate of 0.8 ML/min). 
In a, the strain for the (012) domain is derived indepen- 
dently through the separation of both the (0 1 ±2) and 
(0 1 ±1) Bragg peaks (from ref 111). 

structure."^ It was found that there are two well- 
defined growth regimes: QE is achieved under non- 
eqiiilibrium conditions (NEQ) of high growth rate 
and/or low substrate temperature, whereas un- 
strained epitaxy is achieved at equilibrium (EQ) with 
low growth rates and/or high substrate temperature. 
In Figure 3-43a, lattice strain is a plotted vs film 
thickness for films grown under NEQ conditions. 
Although the magnitude of d is large, there is no 
apparent decrease of the strain even for film thick- 
nesses of up to -70 ML (>200 A). This implies either 
that the critical thickness of the PTCDA film is very 
large or that the kinetic barrier to relieve the strain 
is sufficiently high that the strain is firozen-in at room 
temperature The lack of strain relief is consistent 
with studies of PTCDA/NTCDA multilayers grown 
under similar conditions. There it was found^^ that 
the exciton-phonon coupling, a property expected to 
be extremely sensitive to strain, did not change aa 
the PTCDA layer thickness was increased from 10 
to 500 A (see Figure 4-15). 

The evolution of the film surface roughness is 
shown in Figure 3-44 for films grown at both high 
(r,ub i 100 "C, or EQ) and low (r,ub = 17 ^-C, r NEQ) 
substrate temperatures, with a significant difference 
in morphology for growth under these two conditions. 
While NEQ films indicate a slow, monotonic evolution 
of the surface width, films grown at high temperature 
exhibit a much stronger dependence of the surface 
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Figure 3-44. Root mean square surface roughness of 
PTCDA films on Au(lll). for NEQ films (open circles, 
grown at r,ub = 17 and EQ films (closed circles, grown 
at r„b i 100 *C). The solid line follows evolution of film 
roughness for random deposition offset by 2 ML to take 
into accoimt the wetting layer. The dashed line is a guide 
for the eye (from ref 111). 
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Figure 3-45. Root mean square surface roughness of 
PTCDA films on Audi 1) as a function of substrate tem- 
perature for two different growth rates {R). Note that the 
cross-over temperature between the NEQ and EQ regimes, 
as indicated by the sharp increase in siirface roughness 
with Ttub, increases substantially with growth rate (from 
refill). 

width for thicknesses >2 ML. The dramatic increase 
of the siirface roughness (particularly under equilib- 
rium conditions), indicates that incomplete wetting 
occurs at high temperatuj-es. In Figure 3-43b, the 
strain for this epitaxial film is also shown vs thick- 
ness. These data indicate that strain in films of a 
few monolayer thickness is similar to that found for 
all of the nonequilibrium (NEQ) films, although the 
strain is completely relieved for EQ films thicker than 
10 ML. Hence, the changes in film morphology and 
lattice strain are both due to strain relief in the thick, 
epitaxial (EQ) films. The solid curve in Figure 3-44 
is a calculation assuming growth occurs by the 
random arrival of molecules with no s\irface di£Fusion. 
This model somewhat overestimates the surface 
roughness in the EQ regime, where a small rough- 
ness of -4 ML (rms) is observed for 30 ML thick 
films, indicating the existence of a residual surface 
diffusion at 17 *C. 

To understand the transition between the NEQ 
and EQ regimes, in Figur 3-45, the evoluti n of the 
surface roughness is plotted as a function of the 
substrate temperature at two different growth rates.*" 



This plot shows that the transition is associated with 
an abrupt increase in the film surface width due to 
formation of large 3D islands as the film evolves 
towards the equilibrium, incomplete wetting mor- 
phology. Also, at low growth rates, the roughness 
in the QE regime is indistinguishable from that found 
at higher rates, although the transition temperature 
boundary between EQ and NEQ regimes decreases 
by ~40 **C when the growth rate is decreased by an 
order of magnitude. The transition between regimes 
(and hence surface morphologies) results from a 
critical balance between adsorption and diffusion 
processes, while the film morphology is independent 
of the growth rate and substrate temperature within 
the NEQ (quasi-epitaxial, or kinetic) regime. 

The increased order of NEQ films is also apparent 
from the X-ray pole figure plots for the more weakly 
bonded system of PTCDA on glass shown in Figure 
3-46 for two different growth rates,^ with the sub- 
strate held at room temperature in both cases. The 
pole figure measures the crystalline texture of the 
sample by plotting the intensity of the intermolecu- 
lar, (102) Bragg reflection as a function of polar angle 
with respect to the film normal. Note that AFM 
measurements of glass substrates similar to those 
used for the experiment in Figure 3-46 indicate a very 
smooth surface^^ with an rms roughness of <0.3 nm. 
From Figure 3-46, rapid, nonequilibrium growth 
results in a very high degree of order, with the (102) 
direction tilted at 11* from the substrate normal. In 
contrast, at lower deposition rates, the film is ran- 
domly oriented. These data are consistent with the 
PTCDA/Audll) results discussed above. 

Returning to Figure 3-45, we note that films grown 
at NEQ do not undergo a transition to the EQ 
morphology when annealed for several hours at Tsub 
SS5 1()0 ''C. Therefore, the transition to 3D morphology 
appears to be due to details of the growth dynamics, 
suggesting that the NEQ and EQ regimes are not 
simply different film phases separated by a thermal 
activation barrier. This is an extremely significant 
finding since it explains the apparently contradictory 
observation that high order and fiat surfaces are 
routinely observed at substrates cooled to very low 
(—100 *C) temperatures, a value well below that 
which is expected to supply sufficient thermal energy 
for molecular diffusion to occur. In the absence of 
diffusion, only amorphous growth woiJd normally be 
anticipated. However, these results suggest that a 
residual transient surface mobility of the PTCDA 
molecules is achieved upon adsorption when the 
latent heat of molecular surface condensation is 
converted to kinetic energy upon adsorption. That 
is, a 3D morphology results when the molecular 
diffusion length (at elevated temperatures) is larger 
than the average mesa size. In contrast, when the 
diffusion length is smaller than the size of a typical 
mesa (at NEQ), the mesa maintains the molecularly 
flat terraces observed by AFM. 

These observations lead to a clear picture of the 
thermodynamic conditions leading to NEQ, or quasi- 
epitaxial growth: on one hand QE films may exhibit 




Figure 3-46. X-ray pole figure for the ( 102) PTCDA Bragg 
reflection for (a) deposition on glass at a rate of >50 A/s 
and (b» deposition on glass at a rate of 2 ± 1 A/s. For a, 
each contour represents at lO'^ change in X-ray peak 
intensity, whereas in b. each contour represents at 1% 
change (from ref 65). 

a significant lattice strain. On the other hand, there 
is only a weak film/substrate interaction as evidenced 
by the 2D azimuthal disorder. These two observa- 
tions can be, at least qualitatively, reconciled by 
noting that organic materials are generally much 
"softer" than inorganic materials. For a given distor- 
ti(»n, the strain energy per layer is comparatively 
smaller for organic films as compared to mismatched 
inorganic films. Furthermore, this strain can be 
reduced by taking advantage of the many degrees of 
freedom with the molecular unit cell. Both observa- 
tions are consistent with a relatively weak film- 
substrate interaction. 

3.3.2.4. Quasi Epitaxial Growth of PTCDA on 
Semiconductor Surfaces. As discussed in the previ- 
ous section, very strong bonding between the sub- 
strate and the thin film can result in epitaxial 
growth, and ultimately in considerabl disorder when 
the film thickness is increased to greater than its 
critical value, d^. This transition between epitaxy 
and QE has recently been clearly illustrated by 
growth of PTCDA on Se-passivated. and on as-p-own 



GaAst 100) surfaces as studied by low-energ>- electron 
diffraction (LEED).**^^ In the case of the I2x4)-a2x8) 
and c(4x4> reconstructed as-grown surfaces, the 
dangling Ga bonds generate a high density of states 
within the bandgap at the surface of GaAs. These 
free orbitals form bonds to the PTCDA molecules 
which, therefore, are not free to nucleate into an 
ordered layer. Since in this case, 0mtra" 4>mte/\ 
amorphous or extremely fine-grained polycrystalline 
films are grown. On the other hand, a (2x1) recon- 
structed Se-passivated GaAs does not have any 
midgap states since all surface orbitals are filled. 
Hence, the PTCDA surface bonding is considerably 
weaker (leading to 0intni" » Winter"), resulting in the 
growth of an ordered, incommensurate QE layer with 
4-foId azimuthal symmetry with respect to the sub- 
strate Se dimer layer. 

The experiments in which this "transition'* from 
amorphous to QE growth on a GaAs surface was 
studied were carried out in a dual-chamber UHV 
system consisting of a MBE chamber for the growth 
of GaAs, interconnected with a surface analysis 
chamber equipped with LEED, and a PTCDA effu- 
sion cell. For the Se experiments, 2000 A thick layers 
of imdoped GaAs were first grown on (100) GaAs 
substrates at Tsub ^ 550 "C. The c(4x4) and (2x4)- 
c(2x8) reconstructions were obtained by annealing 
at 250 and 450 °C. respectively. Se passivation was 
achieved by in situ deposition on the as-grown GaAs 
surface. The PTCDA film thickness ranged between 
3 and 150 A for these studies, with Tjub J'ept at room 
temperature duiins deposition. These relatively 
rapid deposition rates on room temperature or cooled 
substrates result in oriented, although strained, 
incommensurate PTCDA QE films."^ 

The LEED patterns in Figure 3-47, parts a and b, 
were obtained from the (2x4)-c(2x8) GaAs(lOO) 
surface and from a 50-A PTCDA overlayer grown on 
that substrate, respectively. The (2x4)-c(2x8) pat- 
tern exhibits streaks in the [Oil] direction, due to a 
combination of point defects, steps, and displace- 
ments leading to kinks in the As dimer row structure. 
The poorly defined LEED pattern from the PTCDA 
layer grown on this surface (Figure 3-47b) indicates 
that the 2D order is very poor in the plane parallel 
to the (100) GaAs surface. However, the presence of 
the sharp specular spot suggests regular stacking of 
the molecules in the direction perpendicular to the 
GaAs surface, characteristic of PTCDA films grown 
under 3lmost all conditions.^^ 

There are significant differences between growth 
on reconstructed GaAs surfaces and those passivated 
using a Se layer as clearly shown for a 50 A PTCDA 
layer grown on Se-GaAs in Fig\ire 3-48. The LEED 
pattern in Figure 3-48a displays the (2x 1 » symmetry 
of the passivated surface. Previous studies of Se- 
passivated GaAs surfaces^*^" indicate that the 
substrate surface is characterized by IML of Se 
dimers bound to second-layer Ga atoms, a layer of 
Se atoms replacing As atoms in the third layer, and 
0-5 ML of Ga vacancies in the fourth layer. The Se 
dangling bonds (DB) are filled, eliminating states 
within the GaAs bandgap, thus reducing the substrate' 
molecular bond energ>\ 
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Figure 3-47. Low-energy electron diffraction (LEED) 
pattern from afa)(2x4)-c<2x8) reconstructed GaAs surface; 
and (b) 50 A PTCDA film grown on top of that surface. 
Beam energies are 65 eV for a and 13 eV for b (from ref 
101 ». 

The Se passivation of the GaAs surface leads to a 
remarkable improvement of the 2D order in the 
PTCDA thin film as compared to unpassivated sur- 
faces. The LEED pattern of Figure 3-48b exhibits 
sharp spots indicative of long-range order at the 
PTCDA surface, and a 2-fold symmetry with respect 
to the substrate. The s>'mmetry of the PTCDA 
pattern is identical for monolayer films (3-10 A), thin 
films (30-200 A), and thick films (-500 A), suggest- 
ing that the PTCDA film grows from the onset in a 
stable structure, consistent with results for PTCDA 
on Au{ 111 ). Considering the large lattice mismatch 
between PTCDA and GaAs, this indicates that the 
interface interaction is sufficiently weak to allow the 
film to relax to near its bulk unit cell structure, a 
necessary condition for QE.^ Indeed, quantitative 
analysis cf the PTCDA/Se-GaAs diffraction pattern 
suggests a unit mesh dimension which closely cor- 
responds to the (102) plane of the bulk crystal. The 
c axis of the cell i? rotated by —40° with respect to 
'but incommensurate with' the direction of the Se 



Se/GaAs-(2xl) 
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PTCDA(50A)/Se/GaAs 

Figure 3*48. Low-energy electron diffraction (LEEDi 
pattern from a (a) (2x 1) Se-passivated GaAs{ 100) surface; 
and (b) 50 A PTCDA film grown on top of that surface. 
Beam energies are 83 eV for a and 13 eV for b (from ref 
101). 




Figure 3-49. Proposed orientation of the PTCDA lattice 
with respect to the Se dimers on the GaAs surface. There 
are two orientations possible, as indicated by the solid and 
dashed lines (from ref 101). 

dimers, as shown in Figure 3-49. Since the Se- 
passivated substrate reconstruction remains observ - 
able bv LEED following the initial deposition of 
PTCDA.-"' as wa> also found fr.r PTCDA on Au- ill . 



jtbe interface interaction is weaker than the inter- 
atomic binding energies within the GaAs crystal and 
its surface. 

The 2D order of a PTCDA layer deposited on the 
c(4x4) reconstructed GaAs surface is found to be 
considerably improved from that of the layer grown 
on the (2 X 4 )-c(2 X 8) surface. The symmetry of the 
diffraction pattern is similar tu that of the layer 
grown on the Se-passivated surface, indicating that 
the structures of the unit cells in the two cases are 
also similar. In contrast to growth on the Se-GaAs 
surface, the diffraction spots are elongated and 
somewhat diffuse, suggesting a reduced single-crystal 
domain size. Nevertheless, the observation that 
large single-crystal PTCDA domains can be grown 
on such "nonpassivated" surfaces is somewhat un- 
expected. 

To understand the driving forces leading to ordered 
growth on these different GaAs surface reconstruc- 
ti ns, Hirose et al.^°^ noted that the film-substrate 
interaction is determined by coupling between mo- 
1 cular energy levels and the substrate surfaces 
states,^^" as shown in Figure 3-50. The ionization 
energy of the condensed phase of PTCDA is 6.4 ± 
0.15 eV vs 5.5 db 0.1 eV for GaAs. Assuming that 
charge transfer at the PTCDA/GaAs interface is 
small, consistent with the lack of perturbation of the 
as-grown GaAs LEED pattern after PTCDA deposi- 
tion, these energies suggest that the PTCDA HOMO 
lies below the GaAs valance-band maximum.**** 

The interactions suggested for PTCDA/Se-passiva- 
tion GaAs are shown in Figure 3-50a. The passivated 
substrate surface has no significant density of states 
in the band gap.^^ Thus the molecule -substrate 
coupling must occur via states that overlap with the 
valence or conduction bands. However, coupling 
between the PTCDA HOMO and the filled DB 
(interaction 2, Figure 3-50a) should be small since 
both levels are doubly occupied. Furthermore, cou- 
pling between the HOMO and empty states in the 
conduction band should also be weak (interaction 1) 
given the large energy difference between these 
levels. As on H-terminated SidllP^* and Se- 
terminated GaAs( 111),*** the high degree of structural 
perfection of the substrate surface added to a weak 
interaction of the molecules with the inert surface 
produces the necessary conditions for QE. The 
passivation of the substrate eliminates the chemically 
active sites derived from unsaturated dangling bonds. 
Tlie elimination of these sites weakens the molecule - 
surface interaction, leading to the required QE condi- 
tion, viz.: 0,nter" « </^intra". A well-defiued orientation 
of the unit cells with respect to the substrate is 
observed, and corresponds to a minimum in the 
interface interaction energy. 

The situation for (2x4Vc(2x8) and c<4x4) recon- 
structed GaiAs surfaces is considerably different. 
While no intrinsic surface states exist deep in the 
ggp !bviH9 density of extrinsic surface defects for 
the I2x4»-cr2x8) surface is large (Figure 3-50, parts 
b and ci. The strong interaction between PTCDA 
molecules and this surface was attributed in part to 
coupling between the HOMO and empty and partially 
filled gap states (interaction 1. Figure 3-50bL Thus, 
the lack of 2D order in the PTCDA layer is due 
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Figure 3-50. Schematic band diagrams showing the 
proposed interactions (indicated by the solid, numbered 
arrows) between PTCDA molecules and (a) the (2x1) Se- 
passivated, (b) the (2x4)-c(2x8), and (c) the c(4x4) 
GaAs( 100) surfaces. The PTCDA highest occupied molec- 
ular orbital (HOMO) is fully occupied, and the filled (cross- 
hatched curved regions) and empty (unfilled curved re- 
gions; sute distributions at the GaAs surface are also 
schematically indicated to lie within the GaAs band gap 
(indicated by the bold lines). Ionization energies for PTCDA 
and GaAs are shown in a by the dashed lines. The n-type 
GaAs Fermi energy, £f. is also shown (from ref 101). 

to interactions of the molecule energy levels with 
these extrinsic and intrinsic states associated with 

large ^mter". 

The weaker c(4x4) GaAs/PTCDA interaction is 
due, to some extent, to the higher structural quality 
of the c(4x4) surface,***^ leading to a reduction in 
defect-induced gap states. This weaker interaction 
leads to the observed improvement in film order, as 
compared with the more highly defected (2x4>-c(2r ft) 
GaAs surface. 

A second organic/semiconductor system studied^ 
was PTCDA on (lOO)Si substrates with a very thin 
surface layer of native SiOj. The presence of the 
oxide results in a reduction in the substrate/film bond 
energy, thereby allowing for ord red film growth to 
occur. Figure 3-5 la shows the X-ray diffraction 
patterns for 4000 A thick PTCDA films deposited on 
flOO)Si wafers at Tsuh = 90 and 293 K, and Figure 
3-51 b shows the diffraction patterns for PTCDA films 
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Figure 3-51. X-ra> diffraction patterns for PTCDA de- 
posited (a) on Si and (b) on glass. The substrate tempera- 
ture used during growth is indicated in the figure. Spectra 
in each figure displaced along the vertical axis for clarity. 
The strong central peak corresponds to the 1 102) reflection 
in PTCDA (from ref U. 

deposited under the same conditions on glass sub- 
strates. The background intensity observed in Figure 
3-5 lb is due to X-ray scattering from the glass 
substrates. For the samples deposited at 293 K, in 
addition to the prominent (102) diffraction peak, a 
small (110) peak is also present, indicating the 
poly crystalline nature of the films. The (110) peak 
is observed in all samples deposited at room temper- 
ature or above, regardless of the substrate materials 
used. On the other hand, only one diffraction peak 
is observed for films deposited on substrates held at 
90 K, indicative of significantly improved stacking 
order of the PTCDA films. Using either Si or glass 
substrates, the (102) peak intensity of the samples 
deposited at low temperature is about three times 
that of the samples deposited at room temperature. 
The strong diffraction intensity provides evidence for 
impiuved structural ordering in the samples depos- 
ited at low temperature. 

As in the case of PTCDA on Au(lll), residual 
strain is developed in organic films deposited at low 
temperatures, as observed by diffraction peak broad- 
ening. The full width at half maximum of the (102) 
dif&action peak for the samples deposited at low 
temperature is about twice that of the samples 
deposited at room temperature. Also, there is a slight 
peak shifl in the sample deposited on the Si substrate 
corresponding to strain-indue d increase in the in- 
tenmolecular planar spacing of 0.026 A, Such a shift 
is not present in the sample deposited on glass 
substrates. 



When films are deposited at low substrate tempter- 
ature t T^uh < 120 K ) or high deposition rate ( > 50 .A/s k 
it is apparent that molecules form stacks character- 
ized by long-range order, with disorder resulting from 
deposition at elevated temperatures or low deposition 
rate.s. This ordering can also be inferred from ihv 
electrical and dielectric properties of organic- inor- 
ganic heterojunctions^ (OI-HJi. For example, 
it has been shown that the current (I) vs voltage * V) 
characteristics of OI-HJ devices at low current den- 
sity iJ) can be modeled using:^'^ 

J = J^{exp{~qV^nkT) - 1} (3.14) 

which describes thermionic emission current over the 
barrier at the 01 interface. Here, is the voltage 
drop across the heterointerface and is given by = 
Vi - Vo where is the applied voltage and Vo is the 
voltage drop across the organic thin film. At low 
forward bias where J is small, then ^ V^. Also, g 
is the electronic charge, and n ^ 2 is the ideality 
factor. As has been shown previously 'also, see 
section 5.1), is the saturation current which is a 
function of the OI-HJ energy barrier height.^ 

At high forward currents, carrier transport is 
dominated by space-charge effects in the organic film, 
in which case = - Vj, and 



(3.15* 



where// is the majority carrier mobility in the organic 
thin film, t is the permittivity, and d is the film 
thickness. Hence, by measuring J(V) at high current 
densities where J{V) ^ V^, the steady state carrier 
mobility can be determined. By correlating mobility 
with film growth conditions, the degree of stacking 
order can be inferred since w is ultimately determined 
by the .T-bond overlap between molecules in the stack. 

A typical PTCDA/Si 01 diode structure is shown 
in the inset of Figure 3-52. Fabrication of such test 
structures has been described previously.^*^ Figure 
3-52 shows the forward biased /-V characteristics 
for OI-HJ devices with 2000 A thick PTCDA films 
deposited at different Tsub- For the sample with 7. 
= 90 the forward current has an exponential 
dependence on voltage due to charge diffusion acros.- 
the 01 heterointerface in the low bias voltage repimc 
and then exhibits a roll off in current due to >paco- 
charge-limited current.^"' For the sample with PTC- 
DA deposited at Tsub = 443 K, the forward current 
has no exponential dependence for the entire volt;ie» 
range studied, indicating a iow carrier mobility. Fit* 
to the I—V data using analyses of the dark current 
discussed above are also shown by the solid line< m 
Figure 3-52. From these fits, the carrier mobility m 
the organic films decreases from 0.16 cm-7(V s' Utr 
the sample deposited at 90 K to 2 x 10'^ cm- 'V s* 
for the sample deposited at 443 K, indicating a 
corresponding reduction in stacking order. Note that 
the highest film mobilities obtained for PTCDA aie 
--1 cmViW s) measured^ for PTCDA deposited on 
Si(lOO) substrates held at room temperature at a rate 
of > 10 A/s (see Figure 2-3a)— corresponding to non- 
equilibrium conditions expect d to result in QE 
ordering.^** 

The mobility measurements have been explained 
in terms of the thin-film structural properties. For 
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Figure 3-52. Forward -biased current -voltage character- 
istics for In/2000 A PTCDA/p-Si devices < with a top contact 
area of 5.5 x 10** cm^) where the organic layer was 
deposited at different temperatures indicated. Solid lines 
are fits to the data using theory described in text. Inset: 
Structure of a typical 01- HJ device (from ref 63). 

PTCDA films deposited on glass or SiOz at low 
temperatures or high deposition rates,^ molecules 
form stacks tilted at an angle of IT from the 
substrate normal. Due to the large .7-orbital overlap 
along the stacking axis, charge (primarily holes^" 
for PTCDA) injected into the organic films are 
transported along the stacking direction, giving rise 
to th high mobilities observed. In contrast, films 
deposited at elevated temperatures exhibit randomly 
oriented molecular stacks. This disorder results in 
a reduction in orbital overlap between molecules 
stacked normal to the substrate plane, thereby 
reducing the carrier mobility in this direction by 
almost 4 orders of magnitude in some cases. While 
inferences about the stacking order can be made from 
these mobility measurements, they provide no infor- 
mation about the order within the plane of the film 
where the mobility is extremely small due to negli- 
gible in-plane .T-system overlap between molecules. 

In addition to the substrate temperature depen- 
dence on the carrier mobility in organic films, the 
mobility also has a thickness dependence for films 
deposited at elevated temperatures (293 and 443 K).^ 
Except for the films deposited at 90 K, as the 
thickness of the film increases, the mobility de- 
creases. Such a thickness dependence is also appar- 
ent in the surface morphologies of PTCDA films 
deposited at room temperature.^ For example, for a 
500 A thick sample deposited at room temperature, 
no surface texture is observed, indicating structural 
ordering which accounts for the high carrier mobility. 
On the other hand, for a 2000 A thick film deposited 
at room temperature, considerable surface texture is 
observed, indicating the polycrystalline nature of the 
films which give rise to a reduction in carrier mobil- 
ity. 

One consequence of the anisotropic crystal struc- 
ture m QE PTCDA films is that the films exhibit 



enormous anisotropies in both their conductive and 
dielectric properties. For example, the in-plane 
conductivity of PTCDA films is found to be at least 6 
orders of magnitude lower than the conductivity 
perpendicular to the film plane. It is has also been 
found that the dielectric properties of highly ordered 
films have a considerable degree of anisotropy along 
different crystalline directions. Provided that 
there is crystalline alignment throughout the QE 
film, the anisotropy in the dielectric constant (e) 
between directions perpendicular and parallel to the 
thin film plane (and hence approximately perpen- 
dicular and parallel to the molecular stacking axis) 
foUows: (f^ - iy(e„ - 1) ^ <P/L^ ^ 0.22 due to 
anistropies in the dipole oscUlator strength. Here, 
d = 3.21 A is the intermolecular planar stacking 
distance, and L is the length of the :r system along 
the perylene molecular core. This approximation 
assumes that m* is isotropic (which has been found 
to be reasonable^'^-^") and that the dipole moment 
is due to a completely delocallized charge distribution 
in the extended .t system. Experimentally, it has 
been found^^^ ^^3^ „ _ j j ^ q 25 fo^ PTCDA, 

which is close to the value predicted by the above 
model. 

Furthermore, the index of refraction measured^^^ 
at a wavelength of A = 1.064 /<m in the direction 
perpendicular to the substrate plane is = 1.36 ± 
0.01, whereas parallel to the plane, riu = 2.017 ± 
0.005, resulting in an index difference (or birefrin- 
gence) of A/i = 0.66. This structural order is main- 
tained along waveguides approaching 1 cm in length, 
as determined by a lack of rotation of th*^ optical 
polarization vector propagating in such guides grown 
on amorphous Teflon-^ or polyimide bufTer layers. 
Such remarkable long-range alignment is possibly 
initiated by ordered nucleation of PTCDA molecules 
at the edges of the buffer layer strips, followed by 
growth from this initial cryptalline "template**. To 
our knowledge, these are the largest index anisotro- 
pies ever measured for thin films, giving further 
evidence for the nearly perfect crystalline order 
achieved in QE growth. 

Further evidence for crystalline order of OMBD- 
grown PTCDA films has been obtained through 
measuring optical propagation loss in PTCDA 
waveguides. In recent experiments, waveguides 
deposited on polyimide buffer layers*^ (with nbuffer 
= 1.6 > nj have losses <1 dB/cm for transverse 
electric (TE) mode-polarized light, although ex- 
tremf'lv high losses were measured for transverse 
magnetic (TM) mode propagation. This indicates 
that there is a low dens?ty of grain boundaries which 
would result in high scattering losses. Scattering 
from grain boundaries, which is commonly observed 
in polycrystalline waveguides has two effects: (i) 
outcoupling from waveguide surfaces, and (ii) scat- 
tering of TE into TM modes which are extremely 
lossy in waveguides where htm s < /ibufTpr- While 
low loss provides only inferential evidence for the 
high degree of crystalline order of the films, it 
nevertheless suggests that the number of grain 
boundaries in long ('^l cm) waveguides is very small, 
and that the optic axis is oriented such that its 
projection is along the waveguiding direction (since 
other orientations would lead to rotation of the TE 



Table 6. Structure of Fullerenes on MoS;<0001) and GaSe<000 1) (From ReM05> 

MoS.- GaSe 

experiment closest match experiment closest match 

molecule axis Aa/a<'rt axis ^0/0^7^1 axis Aa/a I ^ri axis Aa/af^n 

Cs. 111201 5.2 111201 h2 [11201 12.7 11-4501 0.7 

C:. IIOIOI 1.3 ilOlOI 1.3 111201 4.4 111201 4.4 



mode, and hence large optical loss). Since the optic 
axis has a fixed orientation with respect to the unit 
cell, the molecules with the thin-film waveguide must 
all be approximately oriented in the same direction 
relative to each other and the buflFer layer, suggesting 
a unifonn, QE growth of the organic thin film. 

3.3^.5, Other QE Systems. Several other systems 
beyond the well-studied PTCDA have been reported 
which exhibit the characteristic, incommensurate but 
ordered growth of an organic vdW solid on an 
inorganic substrate typical of QE. An interesting 
example system demonstrating QE growth is 
that of Ceo and C70 on various substrates includ- 
ing MoS2(0001), GaSefOOOl) and H-passivated 
Si(iii).io5.i3o.i78 For these experiments, the films 
were studied by RHEED after growth at a rate of 
-0.02 ML/s with the substrate temperature at 80 to 
150 *C. It was found that the layers preferentially 
align along either the [1 T20] or [1010] substrate axes, 
even though the lattice mismatch ranged fi-om 1.3% 
to 12.7%. Here, the hep lattice constant of Ceo is of 
- 1.00 ± 0.02 nm, and for C70, of = 1.06 ± 0.04 nm. 
These results*^^ are summarized in Table 6. In one 
case (Ceo on GaSe), the mismatch for film alignment 
along tho [1120] direction was 12.7%, although Ceo 
is nearly commensurate with the 11450] direction 
where the lattice mismatch is only 0.7%. This 
azimuthal orientation is preferred due to the lower 
surface energy of the incommensurate structure. 
Sakurai et aV^^ propose that the alignment is 
ultimately determined by a competition between 
commensurabUity and the alignment along step 
edges which tends to follow a principal crystalline 
axis. However, it has been found^2.99 ^^^^^ ^^^^ 
mensurability does not necessarily lead to the lowest 
energy configuration in vdW-bonded thin films (see 
section 3.3.1), since more energy is expended in 
distorting the film lattice than is gained by forming 
a commensurate lattice. This is the underlying 
principle governing QE growth, and is a direct result 
of the competition between the relatively weak, 
attractive vdW bond between substrate and adlayer, 
and the short range but strong core-core repulsion 
within the adlayer itself. 

Nucleation along step edges or other substrate 
inhomogeneities has been observed in several experi- 
ments to initiate ordered QE growth independent of 
commensurability of the film with the substrate. 
For example, PTCDA has been shown to align with 
its (100) axis parallel to the edges of polymer 
strips,22-^^2 aj^j perhaps even to glass.^'' Nucleation 
from edg s and vicinal planes on semiconductor 
surfaces provides evidence that the internal energy 
of the thin film can, in some cases, play a greater 
rol than anchoring to the substrate surface in 
ultimately determining molecular alignment of QE 
films. Thii: phenomenon has also been observed for 



perfluorotetracosane [n-CF3(CF2»22CF3] and polyitet- 
rafluoroethylene) [(CF2)rt, or PTFE] on PTFE sub- 
strates which were first prepared by mechanically 
rubbing along one direction. These phenomena are 
not unlike that giving rise to anchoring and long- 
range ordering of liquid crystal molecules on sub- 
strates such as polymers and glass.^^ 

Tt has also been foimd**^^ that unstrained Ceo filnis 
as thick as 100 ML grow layer-by-layer on M0S2, as 
determined from uniform, continuous RHEED pat- 
terns. While it has been suggested that C70 on 
M0S2 films are epitaxial due to the relatively small 
lattice mismatch (1.3%), we note that such mis- 
matches are extremely large for more strongly bonded 
epitaxial layers such as group III- V semiconductors. 
In the absence of any evidence for strong bonding 
between C70 and M0S2 and given the inaccuracies 
inherent in RHEED measurements, this apparently 
commensurate growth is not yet firmly established, 
and more probably is similar to the QE growth of Ceo 
on this same substrate material. 

As noted above, the weak interaction of PTCDA on 
Au( 111) leaves the surface reconstruction of Au( 111) 
unchanged after growth.^^ In contrast, deposition of 
Ceo on Au(lll) can result in significant substrate 
surface reconstruction,^*^-^®**^®^ suggesting that the 
Ceo is chemisorbed, rather than vdW-bonded to this 
substrate. For example, Fartash^**® has shown that 
under nonequilibrium growth conditions (i.e., at 
substrate temperatures ranging from 130 to 290 °C, 
and at deposition rates of ^3 A/s, or approximately 
0.5 ML/s) several different, nearly equal energy 
phases of Ceo can coexist on the Au(lll) surface. 
Using GIXD it was found that a commensurate phase 
rotated 30° relative to the Au(lll) symmetry axis 
(R30.0) coexists with an incommensurate, in-phase 
(RO.O) form of Ceo- A third phase is also observed 
with R13.0 shifting to R14.2 as the temperature is 
increased above ^150 *C. The strong substrate-film 
interaction results in a lifting of the Au(lll) 23x >/3 
reconstruction. This case does not, therefore, cor- 
respond to either QE or vdWE, since vdW forces have 
been replaced with stronger molecule/substrate bond- 
ing. Since the resulting film structure can be sub- 
stantially different than its equilibrium crystal habit, 
subsequent layers tend to be highly disordered, 
similar to the cf^^e of vdWE of Pc*s on alkali halide 
substrates. 

In some instances of QE growth (e.g., PTCDA on 
GaAs), surface bonding can be very strong as deter- 
mined by thermal desorption measvirements where 
the last ML of PTCDA is extremely difficult to 
remove except at very high substrate temperatures.^ 
In this case, disordered growth of subsequent layers 
beyond the first ML is observed. However, the first 
chemisorbed ML can also serve as a "wetting" layer 
to the substrate, followed by subsequent, vdW-bonded 
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Figure 3-54. Small-angle X-ray diffraction spectra of 
several different superlattice films grown on SillOO) sub- 
strates at T,uh < 233 K; (ai 20 periods of H.TPPdl A)/ 
ZnTPPt33 A): (b) 20 periods ofH.TPPOa A^/ZnTPP( 11 A); 
<c» 40 periods of H>TPP(1I A)/ZntPPai Ah from ref 138). 
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Figure 3-55. Small-angle X-ray diffraction spectrum of a 
H.>TPP(22 A)/ZnTPP(22 A) superlattice grown on a Coming 
7059 glass substrate (from ref 138). 

substrate was dipped in 1% HF in H2O solution 
immediately prior to growth to remove the native 
oxide. Similarly, Figure 3-55 shows a SAXD pattern 
for a HgTPPdl A)/ZnTPP(110 A) multilayer grown 
on glass. For both substrates, the clearly resolved 
oscillations at small X-ray incident angles indicates 
extremely good coherence between the X-rays scat- 
tered from the various layers due to very flat and 
uniform interfaces over the entire X-ray beam cross- 
sectional area. These oscillations, in conjunction 
with SIMS data*^^ indicating abrupt compositional 
discontinuities between each layer (i.e., no evidence 
for molecular intermixing between layers), suggest 
that this system does not require lattice matching 
to achieve molecularly flat interfaces with long-range 
order, as expected for QE gr wth. 

Akimichi et al.^^^ investigated the growth of an- 
other molecular system consisting of pentacene/ 
tetracene multilayers on glass substrates. Here, the 
growth rate was 1.6 A s for the tetracene layers, and 
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0.2 A/s for pentacene on glass held at room temper- 
ature. Multilayers consisted of layer thicknesses 
ranging from 14 ML to <1 ML, and the number of 
periods ranged from 10 to 200. Both X-ray diffraction 
and photoluminescence spectroscopy were used to 
investigate the resulting thin-film structures. The 
X-ray spectra were obtained in the Bragg-Brentano 
geometry (i.e., 0-26 scans), and it was found that 
the diffraction peak due to intermolecular stacking 
was surrounded by satellite peaks when more than 
three molecular layers were grown in a giv n stack. 
These satellite peaks were attributed to the existence 
of a well-defined superlattice period. Modeling of the 
X-ray diffraction spectra for ideal superlattices was 
consistent with this conclusion, providing evidence 
that the interfaces between layers of differing mo- 
lecular composition were flat due to a layer-by-layer 
growth mode. However, for superlattices consistin:? 
of layers less than three molecules deep, the satellite 
peaks vanished due to compositional intermixing. Ail 
of these findings were confirmed by photolumines- 
cence spectra of the samples, which suggest material 
intermixing in the thinnest layer structures. This 
finding sets a lower limit on the thickness of the 
superlattices that can be achieved with this materials 
system. 

Growth of organic multilayer structures with mono- 
layer control has recently been demonstrated by 
taking advantage of a combination of substrate 
temperature control and the differential sublimation 
temperatures of various molecular species employed 
in the superlattice.^°^** The method of growth, called 
molecular layer deposition, or MLD, is analogous to 
atomic layer epitaxy (ALE) employed for inorganic 
semiconductor MQW structure s,^^^-^^ where the 
growth of each atomic layer is self-terminating due 
to the thermodynamic conditions or the bonding 
nature of the various molecules employed. In effect, 
MLD is "self-assembly" in the vapor phase. Yoshimu- 
ra, Tatsuura, and Sotoyama^** demonstrated the 
monolayer control of growth by employing p3rromel- 
litic dianhydride (PMDA, or C10O6H2) alternated with 
either 2,4-diaminonitroben2ene (DNB) or 4,4'-diami- 
nodiphenyl ether (DDE). These molecules were 
chosen due to their considerably different sublimation 
temperatures (Ts), and hence their deposition is 
controlled by adjusting the substrate temperature. 
That is, when T^^b > Ts, the molecular sticking 
coefficient is small, resulting in no deposition. On 
the other hand, by predepositing a molecule (molecule 
A) whose bond energy with molecule B (Ea-b = 
^Ta-b), is higher than the bond energy of the mol- 
ecule to itself (Eb-b = *rB-B). and then adjusting the 
substrate temperature such that 7b-b < T^ub < Ta-b, 
a condition is created where only a single (but 
complete) monolayer of molecule B can be deposited 
on a layer of molecule A. That is, once a saturated 
ML of molecule B is deposited, no further deposition 
can occur since the substrate temperature is T.^b ^ 
Tb-B' To deposit a second monolayer of molecule A, 
the substrate temperature is adjusted to Ta-a < Tsub 
< Tb-a, and the process is repeated. All steps result, 
therefore, in the saturated growth of single mono- 
layer film stacks in an alternating, layer- by-layer 
process. 
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Figure 3-56. Molecular layer deposition sequences for two different polymer structures: (a) Film thickness vs shutter 
operation for DNB growth on a FMDA layer (left) and PMDA growth on a DNB layer (right) and (b) polymer film growth 
by MLD using PMDA and DDE as the precursors (from ref 50). 



The process of MLD of PMDA and DNB is shown 
schematically in Figure 3-56. Here, the carbonyl- 
oxy-carbonyl groups of PMDA combine with the 
amino group in DNB (or DDE) to form alternately 
connected polymer chains. In contrast, the carbo- 
nyl-oxy-carbonyl and amino group self-bond ener- 
gies are relatively weak, fulfilling the major require- 
ment of this growth process. To accomplish the 
saturated alternating monolayer growth for this 
materials system, the substrate temperature was set 
at r,uh = 50 ''C which results in the thermal energy 
exceeding that of the internal bond energy of DNB. 
thereby allowing for only a single ML of DNB to form 
on the predeposited PMDA layer (Figure 3-56a». 
Completion of a monolayer was clearly indicated by 
a crystal microbalance thickness monitor which 
served as the substrate for the organic films. Next, 
the substrate temperature is adjusted to r.uh = 65 
'C which results in the desorption of the DNB. This 



process of adsorption followed by desorption was 
evidence that a single, saturated ML growth was 
achieved. The alternate growth of PMDA on DNB 
could be accomplished at T^ub = 80 *C, as shown in 
Figure 3-56b. Successive growth of PMDA/DDE 
multilayers were grov.^ by this method, as shown in 
Figure 3-56c, resulting in a 100 A thick continuously 
alternating (PMDA-DDE)„ polymer (with n = 15) 
oriented in the surface-normal direction. While this 
process can be slow and difficult to control, especially 
for molecular combinations whose sublimation ener- 
gies are close to the intermolecular bond energies, it 
nevertheless is an exciting proof-of-principle demon- 
stration of saturated layer-by-layer control of growth 
in the vapor phase. This process has the potential 
for adaptation to laser-assisted growth, where the 
temperature can be locally and rapidly varied to 
initiate growth which is heterogeneous in both the 
surface normal and in-plane directions. 
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■ ' 3.4.2, Organic/Inorganic Hybrid Multilayer Structures 

Many interesting physical properties of hybrid 
organic/inorganic multilayer structures have been 
predicted, including unique nonlinear optical proper- 
ti s resulting from a new excitation-the hybrid 
Frenkel-Wannier exciton existing at the organic- 
inorganic interface.'*^' Furthermore, such hybrid 
combmations may provide means for combining the 
optimal properties of very heterogeneous materials 
systems in ways which, to date, have not been 
anticipated. Hence, controlled growth of hybrid 
organicTinorganic superlattices represents an entirely 
new approach to tailoring materials properties, while 
providing unprecedented challenges to the materials 
scientist in achieving flat, uniform interfaces between 
materials with vastly different structural and chemi- 
cal properties. 

There are several issues which must be considered 
in the growth of these structures. The primary 
concern is the large difference in evaporation tem- 
peratures of organic and inorganic materials. For 
example, Ti and Si used in CuPc/oxide multilayers^^ 
are typically evaporated at Knudsen cell tempera- 
tures of 2270 and 1700 respectively. This is 
considerably higher than the temperature (650 K) 
used for CuPc sublimation. The highly energetic 
atomic species can therefore melt, sublime, or de- 
compose the underlying organic layer during the 
deposition process, resulting in disordered structures 
or rough interfaces, thereby seriously degrading the 
control over the properties of the structure. Further- 
more, many crystalline ceramics or other inorganic 
materials must be deposited on substrates main- 
tained at high temperatures. Once again, this high 
temperature may be incompatible with the physical 
characteristics of the organic materials used, result- 
ing m sublimation from the substrate, or even 
decomposition. Finally, incompatibilities m materi- 
als chenustry can result in unacceptable or unantici- 
pated changes in the properties of the materials 
composing the hybrid structure. For example, CuPc 
IS known to be doped by oxygen,2> In the fabrication 
of oxide/CuPc multilayers, therefore, we anticipate 
the electrical properties of the CuPc will be strongly 
determined by the details of the deposition process. 

In spite of these difficulties, successful growth of 
hybrid organic/inorganic superlattices has already 
been achieved. Perhaps the most interesting dem- 
onstration has been the growth of CuPc/TiO^r and 
CuPc/SiOi multilayer structures.^^"* >»o i9i Here, the 
deposition of the meUls was done in an O2 ambient 
maintained at 2 x 10"^ Torr, with the deposition rate 
of all constituents at 1 A/s. To ensure that only the 
a form of CuPc was grown, the Si substrate temper- 
ature was Tsub = 200 X. This low substrate tem- 
perature resulted in amorphous oxide growth In the 
case of TiO. (with x ^ I.5 for these conditions), 
crystalhne growth occurs at T,^^ > 400 resulting 
in an electron mobility of 1 -2 cmViV s). In contrast, 
Uie mobilities of the amorphous materials grown by 
Takada and co-workers were too low to be deter- 
mined. Twenty period multilayer stacks consisting 
of alternating layers of 50 A CuPc followed by an 
equal thickness of either the Ti or Si oxide were 
grown. 
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The structures were studied bv SIMS X-rav dif- 
fraction. AFM, and TEM. The AFM images of the 
multilayer stacks indicated very flat interfaces with 
a roughness of <7 A.'^ However, asymmetries 
between the interfaces were found using this imaging 
technique. The TiO,/CuPc interface was not as c.isilv 
scratched by the AFM tip as was the CuPc/TiO. 
mterface, suggesting some interpenetration (and 
subsequent "hardening"* of the CuPc surface by the 
deposited Ti atoms. While some interface disruption 
was inferred from this observation, the depth to 
which the interface was affected was beyond the 
resolution of the X-ray and SIMS measurements 
made, suggesting very limited extent to the damage . 
Indeed, the quality of these interfaces is readilv 
apparent from the remarkable cross-sectional trans- 
mission electron micrographs of several different 
CuPc/oxide samples shown in Figure 3-57. A cross- 
sectional view of a CuPc/SiOo superlattice is shown 
in Figure 3-57a, providing direct observation of the 
superlattice structure. The layers appear to be 
relatively uniform, although the interface roughness 
is readily observed for the individual, 50 A thick 
layers. A more detailed micrograph of a CuPc/TiO, 
interface is shown in Figure 3-57b. Here, an inter- 
face roughness of approximately IML (as determined 
over the -500 A range of the micrograph ) is observed. 
In addition, the four individual CuPc molecular 
layers are clearly observed in the lower half of the 
image. By depositing submonolayer thicknesses of 
CuPc on TiO:r, island growth can be observed, as 
shown in the micrograph in Figure 3-57c. These 
islands are in fact small, highly ordered structures 
with dimensions of 20 nm x 60 nm completely buried 
in a TiOx matrix which is deposited over the CuPc. 
Since the organic material is surrounded on all sides 
by the oxide, this appears to be a means to grow 
organic **nanoboxes" and other low-dimensional struc- 
tures once only thought possible using inorganic 
semiconductor nanostructures. 

In a second series of investigations, heterogeneous 
multilayer structures consisting of 3,4.9,10-peryle- 
netetracarboxylic diimide (PTCDI) or CuPc combined 
with the low dielectric constant metal fluoride, MgFo 
were investigated. substrate used was Corn^ 
mg 7059 glass. Deposition of organic films ranging 
in thickness from 5 to 50 A was done at a rate of 20 
A/min on substrates maintained at room tempera- 
ture. The alternating MgFo film was deposited at the 
same rate to a thickness of 30 A in all samples. The 
structures consisted of 20 superlattice periods. Analy- 
sis of the grown structures was accomplished using 
SAXD and FTIR. Good layer thin uniformity was 
observed even for the thinnest PTCDI and CuPc 
layers as determined by small-angle Bragg reflections 
from the repeating superlattice structure. Further 
analysis of the FTIR spectrum of PTCDI indicated 
that the molecules stack nearly parallel to the surface 
plane. In contrast, no such uniform stacking of CuPc 
was observed. This was attributed the coexistence 
of both the a and ^ forms of the CuPc crystal,^! ns 
resulting in considerable structural disord r. ' The 
optical properties of these structures was also de- 
pendent on film thickness, as will be discussed in 
section 4.3. 
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Figure 3-57. Cross-sectional TEM images of several 
different multilayer structures: ^a) CuPc/SiOz superlattice 
pealed off of a Si substrate. Bright and dark regions 
correspond to the CuPc and SiO^ layers, respectively, (b) 
High-resolution image of a single TiO, layer on CuPc. Four 
monolayers of CuPc can clearly be resolved beneath the 
TiO,. <c) CuPc "nanobox" in a TiOt matrix. In the lower 
view is a schematic representation of the structure and an 
AFM scan showing the surface profile of the buried 
structure (from ref 190). 

This gr up*^® also investigated the growth and 
optical properties f 30 period. tris(8-hydroxyquino- 
lineialuminum t Alq;i»/30 A (MgFj» superlattices, where 
the anfiorphoup Alq • layer thickness was varied from 
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Figure 3-58. Small-angle X-ray diffraction patterns for 
multilayer structures consisting of 30 A thick MgF2 layers 
alternated with Alqa layers whose thicknesses are indicated 
(from ref 159). 

10 to 50 A, and deposition was on either glass or 
Si(lOO) substrates at a rate of 20 A/min. As in the 
case of the PTCDI and CuPc multilayers, these 
structures were investigated by small-angle X-ray 
diflfraction, with spectra shown in Figure 3-58. Very 
good agreement was found between the designed 
layer thickness and that inferred from the positions 
of the small angle Bragg peaks observed. Strong 
Brag^ reflections are obsen^ed even for the thinnest 
(10 A) Alqa layers, indicative of flat and uniform 
interfaces. Here, layer nonuniformity would result 
in a broadening and attenuation of the peaks which 
is not seen in these diffraction patterns. 

3.5. Summary of Growth Results 

Ultrahigh vacuum » organic molecular beam deposi- 
tion has been shown to be a highly versatile tech- 
nique for the growth of a wide range of organic and 
hybrid organic/inorganic thin film structures which 
comprise a promising new class of engineered mate- 
rials for optical and electronic device applications. In 
this section, we have compared the growths of several 
different archetype organic compounds on a variety 
of substrates. We find that, depending on relative 
strengths of the bond interactions within a film, or 
between the film and substrate, the resulting film 
lattices are commensurate (i epitaxial or vdWE), 
or are incommensurate <i.e., quasi -epitaxial) with the 
substrate. Epitaxial films are bonded to the surface 
by a combination of vdW and electrostatic forces, 
whereas vdWE film binding is primarily via only the 
vdW force. Finally, in spite of the incommensurabil- 
ity f QE films, they can nevertheless exhibit long- 
range order and have a unique orientational rela- 
tionship with the substrate lattice. 

With regard to QE, we have focused to a consider- 
able degree on several aspects of film growth, from 
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the monolayer to the bulk thin film stage for the 
model planar molecules: PTCDA and NTCDA. Struc- 
tural data obtained from monolayer and multilayer 
thin-film stacks indicate ordering into structures 
which are consistent with predictions made using 
simple energy-based models describing QE groulh. 
The agreement between theor>' and measurement 
indicates that the fiandamentaJ assumptions regard- 
ing quasi-epitaxial growth (i.e., that the interlayer 
compressibility be much larger than the compress- 
ibility within a layer) are supported by obser\-ation 
for large, planar, van der Waals-bonded molecular 
solids such as PTCDA and NTCDA. These theoreti- 
cal predictions have also been extended to the growth 
of two dissimilar organic molecules. The experiments 
presented here on multilayer stacks of PTCDA-on- 
NTCDA also provide evidence to support the theo- 
retical results. The high degree of ordering strongly 
influences such macroscopic film properties as optical 
birefiingence, a pronounced anisotropy in the dielec- 
tric and conductive properties of the films, film 
morphology, and carrier mobility. 

Taken in the context of a growing body of evidence 
for QE growth of a large number of molecular species 
on a wide variety of substrates, it is apparent that 
QE growth of van der Waals-bonded planar organic 
molecules is a general property of these materials 
systems. Since this property has been shown to 
strongly influence the macroscopic optoelectronic film 
properties (see section 4), quasi -epitaxially grown 
organic thin films may open the way to an unprec- 
edented range of applications in photonics and elec- 
tronics. Strain energy in QE films is relieved by 
subtle v£.riations in the interna! lattice degrees of 
freedom. While QE films are nonequiHbrium struc- 
tures which differ from the bulk structure of the 
OMC, they are nevertheless found to be stable over 
a wide range of conditions such as temperature, 
pressure, etc. Hence. QE may result in an entirely 
new class of materials whose structural, and hence 
optical and electronic properties may be timed simply 
by the choice of substrate or growth conditions 
employed. 

In some respects, QE growth is similar to "orien- 
tational epitaxy" observed for inert gas atoms phy- 
sisorbed onto graphite surfaces, and also is similar 
to the ordering of liquid crystal molecules to glass 
and polymer surfaces. By studying the common 
features of these seemingly disparate growth phe- 
nomena, we can gain a deeper understanding of the 
underlying physics, and hence improve our control 
over vdW film growth. 

4.0. Optoelectronic Properties of OMBD-Grown 
Organic Films 

Having demonstrated that OMBD is a useful tool 
to grow well-defined structures with interfaces be- 
tween layers which are flat on the molecular scale, 
the next step is to determine how the optoelectronic 
properties of such organic nanostructures differ fi-om 
those of bulk films. In particular, as the film thick- 
ness approaches that of an electron de Broglie 
wavelength, we anticipate that the films will exhibit 
quantum phenomena which are not observed in 
thicker (or "bulk") films. However, we note that such 
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quantum phenomena will be much more difilcult to 
observe in organic thin films than in conventional 
semiconductors or metals due to the localized nature 
of excitations in vdW-bonded materials such as 
OMCs. For this reason, the structures need to be 
correspondingly smaller in OMCs before quantum 
size effects can be observed and possibly exploited 
for device applications. 

In the previous section, we have demonstrated that 
organic thin films can be controllably grown to 
dimensions of only a few monolayers. Hence, choos- 
ing archetype, extremely closely packed rganic 
systems such as PTCDA or bisfl,2,51thiadia2olo-o- 
quinobis(I,3-dithiole) (BTQBT)*»2-i94 ^j^^^jj ^^^^^ 

exhibit a developed and extended band structure, 
provides opportimities to study, for the first time, the 
nature of fiindamental quantum excitations in OMCs 
using precision nanostructures. In this section we 
will provide a detailed review of such studies of 
PTCDA-based multilayers, along with conclusive 
experimental and theoretical evidence that fiinda- 
mental optical excitations (called ''excitons") can 
indeed be modified in certain nanostructured OMC 
systems characterized by a high degree of ,T-orbital 
overlap between adjacent molecules. Furthermore, 
we will review data relating to "quantum confine- 
ment" in organic nanostructures and discuss th class 
of molecules where such phenomena are expected to 
be clearly observed. We note that virtually all such 
data accumulated thus far relate to the quantum 
confinement of excitons in ultrathin organic layers. 
However, quantum confinement of charge carriers 
(i.e.. electrons and holes) is also possible, and should 
lead to the observation of a broad new range of 

electronic properties unique to organic nano- 
structures.2^"^" 29 

4.1, Excitons In Ultrathin Organic Films Grown 
by OMBD 

The nature of excitons in OMCs has been the 
subject of intense debate for over thirty years.^®^ In 
Figure 4-1, we illustrate the three types of excitons 
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Figure 4-1. Schematic representation of the various types 
of excitons in semiconductors and insulators. The cross- 
hatched circles represent molecular lattice positions, with 
lattice constant at. (a) SmaU radius, or Frenkel exciton with 
radius a ^ at. This exciton corresponds to a molecular 
excited state, (b) Large radius (a ql), hydrogen-like, 
Wannier-Mott exciton commonly foimd in inorganic semi- 
conductor materials, (c) Intermediate radius (a > aO charge 
transfer (CT) exciton proposed to lead to photoconductivity 
in many organic molecular crystals. The "figure-eight" 
within each excited state represents the molecular p bond 
I from ref 196. p. 71i. 



found in crj'stalline solids. Excitons in OMCs have 
been described as either Frenkel or charge-transfer 
(CT) states. A Frenkel exciton is a correlated 
electron-hole pair localized on a single molecule, 
whereas the electron in a CT state is correlated with 
a hole located at a neighboring molecular site. In this 
sense, CT excitons resemble Wannier excitons com- 
mon in uncorrelated inorganic systems, where the 
interaction energy between atomic cores is large and 
the radius of the exciton is often more than an order 
of magnitude greater than the interatomic separa- 
tion. Independent of the scale, these fundamental 
excitations are called excitons since they share the 
property of having a nonnegligible mobility within 
the crystal. Due to its spatial extent, it is possible 
for the CT exciton binding energy to be modified from 
its bulk value when the electron— hole pair separation 
for exciton radius) is on the order of the film thick- 
ness. On the other hand, we do not expect such 
effects to be observed for Frenkel states due to their 
strong localization at a single molecule. Given that 
OMBD can create nanostructures on the scale of the 
exciton radius, we now have the opportunity to study 
many of the details of these fundamental excitations 
which have previously been inaccessible using bulk 
structures, thereby providing a deeper understanding 
of the physics of carrier transport and the optical 
properties of a large class of organic molecular solids. 

With this perspective in mind, considerable work 
on quantifying the optical properties in OMBD-grown 
nanostructures has been carried out over the last 
several years. These studies have focused primarily 
on highly controlled, relatively defect free, and well- 
characterized "model" compounds based on OMBD- 
grown PTCDA thin films and its analogs. In this 
section, we will discuss some of these results in detail 
since they lead to an entirely new perspective and 
understanding of fundamental excitations in OMCs 
which have only been possible due to the precise 
control of structure and material purity through 
OMBD growth. At the end of this section, we will 
discuss phenomena in other, less thoroughly char- 
acterized organic-based multilayer structures. 

4. /. /. Spectroscopic Identification of Excited States in 
PTCDA 

The first step in understanding quantum size 
erTects in ultrathin, OMBD-grown organic films is to 
unambiguously identify the various features in the 
molecular exciton spectrum. For this purpose, the 
absorption and Huorescence spectra of both films and 
dilute solutions of the model compound, PTCDA, 
have been thoroughly studied. Thin films were 
grown on cooled (^85 K) glass substrates following 
procedures discussed in section 2. Solution samples 
were prepared by dissolving prepurified PTCDA 
crystalline powder in dimethyl sulfoxide, (CHiV^SrO 
(DMSO) and other solvents via sonication. PTCDA 
is found to be weakly soluble in DMSO, ensuring a 
small solvent molecule interaction, while limiting the 
most concentrated solution to only 2 ± 1 uM. 

The absorption spectrum of the 2 /<M stock solution 
in DMSO, shown in Figure 4-2a, has four clearly 
resolved peaks with a shoulder on the high energy 
side of the 2.7 eV peak. In addition, the low-energy 
tail (defined as the energ\' at which the absorption 
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Figure 4-2. Ahsorption (solid line* and fluorescence 
(dashed line) spectra of (a) 2 uM solution of PTCDA in 
DMSO, and (b) 1000 A thick PTCDA film. The energy 
position for each abborption and fluorescence ti ansition is 
identified (from ref 197). 

is >57c of its peak value) extends to £ < 1.90 eV. 
This is compared to the thin-film absorption spec- 
trum (Figure 4-2b) with a broad feature at £ > 2.3 
eV and a distinct, narrow peak centered at E = 2.23 
eV. Furthermore, the low-energy tail is compara- 
tively short, extending to only E ^ 2.0 eV. 

There are significant differences between the fluo- 
rescence spectra of PTCDA solutions and thin films. 
The solution fluorescence spectrum (Figure 4-2a) has 
a maximum at E = 2.32 eV, with a shoulder at £ = 
2.18 eV. In contrast, the thin-film short wavelength 
fluorescence is completely quenched, with the peak 
fluorescence centered at E = 1.70 eV, and with an 
additional feature at E = 1.55 eV. No significant 
changes in the shape of the thin-film or solution 
fluorescence spectra were observed as the pump 
energy was changed from E = 2.72 to 2.05 eV. 

The absorption was also studied as a function of 
concentration of PTCDA in solution (Figure 4-3a). To 
quantitatively study the spectral features, each solu- 
tion absorption spectrum was fit to six Gaussian 
peaks with the parameters provided in Table 7. The 
four high-energy Gaussian curves correspond to the 
distinct absorption peaks, whereas the fitting pa- 
rameters for the two lowest cur\'es at E = 2.23 eV 
and 2.12 eV were chosen to agree with electroabsorp- 
tion* ' ■ and photoconduction* '"^ data in PTCDA thin 
films. Table 7 als shows the results of a similar fit 
to the thin-film absorption sp ctrum, where the two 
lowest energy peaks are obtained from these same 
studies. 
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Figure 4-4. Excitation fluorescence spectrum of a 650 nm 
thick PTCDA film sample (from ref 197 1. 
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Figure 4-3. ta) Absorption spectrum of PTCDA in DMSO 
solution as a function of PTCDA concentration. Each 
dilution step leduces PTCDA concentration to 809( of the 
starting solution. ;h) Relative oscillator transition strength 
iproportional to the mtegrated area) of E - 2.20 eV £ = 
2.39 eV, E = 2.55 eV, and E = 2.74 eV solution absorption 
peaks as a function of PTCDA in DMSO concentration. The 
slopes refer to the linear fits (straight hnes) to the data. 
The plot was normalized to the oscillator strength of the 
Si [0-0] transition at a concentration of 2 |/M {from ref 197). 

The dependence of the E = 2.23, 2.39, 2.55, and, 
2.74 eV integrated peak areas (which are propor- 
tional to the transition oscillator strength) as a 
function of PTCDA concentration [k] in DMSO are 
shown in Figure 4-3b. Both the E = 2.74 and 2.23 
eV peaks rapidly decrease with respect to the £ = 
2.39 eV peak, however only the 2.23 eV peak com- 
pletely attenuates at concentrations of [A] < 0.25 wM. 
For the three higher energy peaks, the rate of 

iTDMSO-^""*^"*'^ ^ Absorption Spectra of PTCDA Thin Films, and 2 and 0.25 atM Solutions of PTCDA 



Figure 4-5. (a) Absorption and ibt fluorescence configu- 
ration space diagrams along with direct transitions pro- 
posed for PTCDA (from ref 197). 

decrease in absorption with decreasing PTCDA con- 
centration is a function of energy, where the 2.39 eV 
peak shows the smallest rate of decrease. 

The excitation spectrum of the luminescence peak 
centered at E = 1.70 eV of a 650 nm thick film is 
shown in Figure 4-4. Low fluorescence efficiency 
{ < 1%) is observed at £ < 2.2 eV, with a peak at -20 
times its short wavelength efficiency at 2.10 eV, 
which has been attributed to a bulk rather than a 
surface phenomenon.^®' 

The configuration space representations of the 
molecular levels in PTCDA shown in Figure 4-5 are 
used to interpret these solution and thin-film spectra. 
Here, Figure 4-5a corresponds to the absorption 
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transitions, whereas Figure 4-5b provides the fluo- 
rescence transitions occurring after nuclear relax- 
ation. The electronic ground state of PTCDA is spin- 
singlet (labeled So in Figure 4-5). The high oscillator 
strength of the absorption features in Figure 4-2 is 
therefore a signature of spin-allowed singlet-to- 
singlet transitions. The distinctly different behavior 
of the high-energy solution absorption spectra at E 
= 2.39. 2.55, 2.74, and 2.90 eV, as compared to the 
broad peak at 2.23 eV as a function of solution 
concentration suggests that these two groups of 
transitions are associated with separate manifolds. 
The equal spacing between the four high-energy 
solution absorption peaks (c.f., Table 7) arises since 
they originate from transitions between different 
vibronic states (vn) in the singlet. Si band, labeled 
Si[0-v„] (with Vn = 0, 1, 2, 3). In solution, the 
absorption spectral shape of these Sj transitions is 
not significantly influenced by the PTCDA concentra- 
tion in DMSO (Figure 4-3a), indicating that Si is 
Frenkel-like, i.e., the excitation is largely confined 
to the individual monomers. 

In contrast, the absorption centered at £ = 2.23 
eV is strongly affected by concentration, becoming 
vanishingly small for [k] < 0.1 //M solutions. This is 
expected for an aggregate state arising from the .T-rr 
orbital overlap of closely stacked PTCDA molecules, 
and is similar to previous observations of absorption 
by aggregate states in other organic crystals ^^^'^^^^^ 
such as a-perylene, tetracene, and Ceo. Since PTCDA 
is only weaWy soluble in DMSO, small particles with 
three-dimensional crystalline properties (e.g., ex- 
tended CT states) form a suspension in solution. As 
the colloidal solution is diluted, the concentration of 
aggregate particles is reduced to the extent that, at 
the lowest concentrations, their contribution to the 
absorption spectrum is negligible. Thus, the 2.23 eV 
absorption feature has been assigned*®' to a charge- 
transfer (CT) exciton of the extended PTCDA crystal 
structure. The lower energy of the 2.23 eV peak as 
compared to the Si state is also consistent with CT 
state properties.*®^ 

Since monomers are the dominant species in the 
most dilute solutions, and since the fluorescence 
spectrum does not significantly change with concen- 
tration, the solution fluorescence in Figure 4-2a has 
been attributed to direct monomer transitions from 
Si to So (see Figure 4-5b). In contrast, the thin-film 
fluorescence spectrum peaks at 0.60 eV lower energy 
than does the monomer fluorescence (Figure 4-2b). 
The fluorescence quantum efliciency of the thin films 
has been found to be signiflcantly lower than that of 
solutions due to phonon-enhanced fluorescence 
quenching (internal conversion). Therefore, despite 
a small aggregate concentration in PTCDA solutions, 
only a very low fluorescence yield has been observed 
for the aggregate peak in solution.*®* The Si absorp- 
tion lines of aggregates and thin films are broader 
than for monomers due to the increased coupling of 
phonon modes with electronic transitions in solids. 
Further, since the fluorescence quantum efficiency 
in the excitation spectrum peaks at 2.10 eV corre- 
sponding to the low-energ>' tail of CT tc.f , Figure 4-4 
the CT state i.-s likely the initial level in the fluores- 
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Figtire 4-6. Proposed transitions between the lowest lying 
thin-film PTCDA energy levels. The straight and wavy 
lines indicate single-step and multi-step nonradiative 
transitions, respectively (from ref 197). 

cence process, and there are nonradiative losses in 
the Si -* CT transitions. 

These observations suggest that most Si excitons 
undergo either Si — * So internal conversion that is 
sufficiently fast to effectively compete with fluores- 
cence, or intersystem-crossing into a nonradiative 
triplet state, Ti, which is typically lower in energy 
than Si. Figure 4-6 summarizes the various possible 
transitions between the lowest energy states found 
for PTCDA thin films. Both internal conversion for 
Si So and the spin-forbidden Ti So nonradiative 
transitions lead to the low quantum yield of solid 
PTCDA. 

In molecular crystals such as pyrene and perylene, 
strong exciton-phonon coupling results in the forma- 
tion of self-trapped excitons. These states are lower 
in energy than the corresponding free excitons and 
can be solely responsible for the observed fluores- 
cence. Self-trapping in PTCDA has aiao been identi- 
fied*®" by analyzing the low-energy thin-film absorp- 
tion (or Urbach) tail of the CT state.^o* Due to strong 
exciton-phonon coupling, self-trapping is very likely. 
In that analysis, a small self-trapping energy of AEst 
- 0.04 ± 0.02 eV was measured, placing the self- 
trapped CT exciton (denoted CT^) at 2.19 ± 0.05 eV, 
which is in reasonable agreement with 2.11 ± 0.04 
eV obtained through numerical fits to the absorption 
spectrum.*®^ In contrast, the small radius Si exciton 
is not subject to long-range lattice interactions, and 
hence does not self-trap. From the small Stokes shift 
( <0.1 eV) between the solution peak absorption and 
fluorescence spectra (Figure 4-2a), it is likely that 
relaxation occurs directly fi^m the free Si state into 
So, which can also be inferred from the short solution 
fluorescence Ufetime of 4.0 ± 0.5 ns characteristic of 
such transitions.^^ In contrast, the self-trapped CT 
state of PTCDA thin films have a fluorescence 
lifetime^^ for excitation into Si approximately three 
times longer, at 10,8 ± 0.5 ns. The relatively short 
lifetime of solution luminescence implies a lack of 
significant self-trapping for Sj. 

4. 12. Fluorescence and Absorption Spectra of PTCDA/ 
NTCDA MQWs 

Having unambiguously identified the CT exciton 
in PTCDA as an extended, or aggregate state, we 
expect its energy to be changed when it is confined 
in nanostructures whose dimensions are comparable 
to the effective exciton radius, a*. That is, by 
growing ultrathin films of dimension —a*, we antici- 
pate that the energy barriers at the film surfaces will 
"confine'' the exciton within that film, and hence 
increase its binding energ\* accordingly. These con- 



1846 Chemical Reviews. 1997. Vol. 97. No. 6 

0 




Figure 4-7. Perspective views of a PTCBI unit eel]. Top: 
Molecular formula for PTCBI (from ref 135). 



finement phenomena were explored by measuring the 
spectral properties of PTCDA/NTCDA and PTCBI/ 
NTCDA multilayer structures, where the film thick- 
nesses were varied from 10 to 500 A.^^ Here, PTCBI 
(or 3,4,9, 10-perylenetetracarboxylic bisbenzimida- 
zole) has a larger interplanar storking distance of 
3.45 A as compared with 3.21 A for PTCDA, although 
m many other respects these molecules are similar 
(see Figure 4-7 for the PTCBI unit cell structure). 
Hence, a combined study of these two compounds was 
used to develop a model with which to study the 
relationship of charge delocalization to quantum size 
effects. Finally, the electroabsorption spectra of 
PTCDA and PTCBI thin films were measured to 
obtain a direct measurement of the exciton radius 
in order to quantitatively understand effects observed 
in the thinnest films. 

In a series of experiments described by Haskal and 
co-workers, low-temperature absorption and 

fluorescence spectra of alternating multilayer stacks 
of PTCDA and NTCDA, or PTCBI and NTCDA layers 
were measured, where the total thickness of all of 
the PTCDA or PTCBI layers was 500-600 A. The 
thickness of the intermediate NTCDA layers matched 
the PTCDA or PTCBI layer thicknesses, except for 
the 50-period 10 ± 5 A PTCDA structures. In that 
case, the NTCDA thickness was increased to 20 A to 
ensure growth of a continuous layer. NTCDA was 
used as the intermediate layer since its lowest energy 
exciton state is -1 eV higher than the excited state 
energies in PTCDA and PTCBI.^o^ These multilayer 
structures are therefore similar to inorganic semi- 
conductor multiple quantum well (MQW) structures, 
where the quantum well material is either PTCDA 
or PTCBI and the "larger bandgap", or barrier 
material, is NTCDA. 

Fluorescence spectra, obtained by optically pump- 
ing the multilayer stacks of alternating layers of 
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Figure 4-8. Low temperature (4.2 K) fluorescence spectra 
of PTCDAOTCDA multilayer stacks for layer thicknesses 
of PTCDA ranging from 10 to 500 A. The four peaks in the 
spectra are labeled A, B, C, and D, and the spectra are 
displaced vertically for clarity. These peaks correspond to 
the following CT^t — So transitions shown in Figure 4-5 
CTIST-3], CT[ST-2], CTfST-l), CT[ST-0], respectively (from 
ref 135). 

PTCDA and NTCDA at a wavelength of 488 nm from 
an Ar ion laser at 7 = 4.2 K, are shown in Figure 
4-8. Four equally spaced peaks (A, B, C, and D» are 
due to vibronic transitions from the excited to the 
ground state. These peaks correspond well to the 
CTST - So transitions: CTlST-3], CT(ST.2], CT[ST- 
1], and CT[ST-0], respectively. The energy spacings, 
a>ph, of the vibronic peaks are observed to increase 
from 1065 cm-i at 500 A to 1226 cm"* for the 
thinnest, 10 A layers. These vibronic energies are 
similar to those observed in the fluorescence spectra 
of PTCDA solutions discussed in section 4.1.1, and 
listed in Table 7. Taking this, along with the direct 
measurement of the Raman spectrum of PTCDA, 
these dominant features are identified as the C-C 
bond stretch ( measured^ ^ by Raman scattering at 
1061 cm-^). 

The change in f^ph (or Awph) in PTCDA films as a 
function of layer thickness, as referenced to the 500 
A film, is shown by the solid squares in Figure 4-9. 
For each measurement, Awph is found by fitting the 
appropriate fluorescence spectrum to a series of four 
overlapping Gaussian curves using parameters simi- 
lar to those used to fit the solution spectra of PTCDA 
(see section 4.1.1, Table 7)-a procedure which yields 
both the peak position and width. The increase in 
a>ph with decreasing layer thickness was observed to 
be accompanied by an increase in the fluorescence 
intensity of the high-energy transitions at the ex- 
pense of the low-energy transitions. The fluorescence 
intensity of the 10 A film is approximately 12 times 
larger than for the 500 A PTCDA film, indicating that 
interfaces assist in the radiative recombination of 
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Figure 4-9. Measured change in the ground state vibra- 
tional frequency, Awph. of both PTCDA (squares) and 
PTCBI (open circles) as a function of layer thickness, as 
referenced to their respective 500 A films; The solid line is 
a fit to data of the observed exciton energy shift (Aty„) in 
PTCDA layers using the theory in ref 24 (from ref 135 J. 
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Figure 4-10. Low temperature (4.2 K) absorption spectra 
of a 500 A PTCDA film and a 10 ± 5 A PTCDA/20 A 
NTCDA multilayer stack. Inset: Change in absorption 
coefficient as a function of wavelength, da/d/., for the 
samples in Figure 4-8 (from ref 135). 

excitons in PTCDA layers, in the absence of a high 
density of interfacial defects, which would be ex- 
pected to lead to fluorescence quenching. This in- 
creased radiative recombination is characteristic of 
exciton spatial confinement due to an increased 
overlap of the electron and hole wave functions (see 
section 4.2.3.2). 

The low-temperature (4.2 K) absorption spectra of 
a single 500 A thick PTCDA laver and a 50-period 
stack of 10 ± 5 A PTCDA/20 A NTCDA are shown in 
Figure 4-10. A graph of the derivative of the absorp- 
iim with respect to photon energy, (da/dE), in the 
energy range of the CT exciton peak is shown in the 
inset.' Note that the CT peak at 2.234 eV is shifted 
to higher energy (as shown clearly in the zero- 
crossing of each derivative curve) as the layer thick- 
ness is decreased, A similar blue shift in the CT peak 
in PTCDA/InPc-Cl multilayer structures has also 
been observed.-""* In that case, an energy increase 
of -80 meV was obtained for a decrease in PTCDA 
thickness from -250 to 3 A, as shown in Figure 4-11. 
These shifts have been attributed to the change in 
the CT exciton binding enerp>' as a result of quantum 
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Figure 4-11. Absorption spectrum for PTCDA/InPc-CI 
multilayers grown on sapphire showing the spectral shift 
in the low energy PTCDA (straight line). Also shown is the 
solution spectrum of PTCDA corresponding well with that 
in Figure 4-3 (from ref 204). 
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Figure 4-12. Energy shift of the PTCDA CT absorption 
peak, AE, as a function of PTCDA layer thickness d. The 
symbols correspond to the experimental data, and the solid 
curve is the fit using mh i = 0.16 mo- The fit is also 
compared with the dashed curve using mh.j. = 0.18 mo and 
the dotted line using mh.i = 0.14 mo (from ref 176). 

confinement in a finite potential v/ellP-^^ The po- 
tential well width corresponds to the PTCDA layer 
thickness, with the energy barriers provided by the 
HOMO offsets at the heterointerfaces with NTCDA 
layers (or possibly in the case of PTCDA/InPc-Cl. by 
the 2 ML thick phthalocyanine layer). Furthermore, 
no apparent shifls in the higher energy exciton lines 
are observed, possibly as a result of the Frenkel 
ongin of these lines (see section 4.1.1). 

Quantitative Hts to the PTCDA/NTCDA data of So 
and Forrest,^* and later by Shen and Forrest*"® found 
that the radius of the CT exciton in PTCDA is -12 
A. or 3-4 molecules in the stacks of PTCDA normal 
to the substrate. This is consistent with spectroscopic 
assignments of this feature discussed in section 4.1.1, 
where the CT exciton is found to be an extended state 
existing only in macroscopic aggregates and thin 
films. The dependence of the CT exciton energy shift 
with well width is shown by the data points in Figure 
4-12. The solid line is a fit to the data (see section 
4.2.3.2) assuming that the shifls arise from CT 
exciton confinement in PTCDA layers whose dimen- 
sions are comparable to the exciton radius of 12 A. 
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The low-temperature fluorescence spectra of mul- 
tilayer stacks of PTCBI layers alternated with NTC- 
DA layers, where PTCBI layer thicknesses were 
varied from 20 to 500 A, were used for comparison 
tothePTCDA/NTCDAdataJ^ In the case of PTCBI, 
only two fluorescence peaks were resolved at 1.478 
eV and 1.427 eV. In contrast to the substantial 
spectral changes in the PTCDA spectrum shown in 
Figure 4-8, the only change observed in the PTCBI/ 
NTCDA fluorescence spectrum as the PTCBI layer 
thickness was decreased to a 25-period stack of 20 A 
PTCBI alternated with 20 A NTCDA was a small 
redistribution of fluorescence intensity to higher 
energy, and a peak width broadening attributed to 
interface roughness in semiconductor (e.g GaAs/ 
AlGaAs) The change in spacing between 

the two peaks in the PTCBI fluorescence spectra as 
a function of layer thickness is shown by the open 
circles in Figure 4-9. If it is assumed that the peaks 
are due to the same intramolecular vibration, then 
these data suggest that the vibrational frequency in 
PTCBI does not change significantly as layer thick- 
ness is decreased {A<Upu ^ 0). 

The fluorescence efficiency of PTCBI was found to 
increase by only a factor of 3 from the widest (500 A) 
to the narrowest (20 A) layers, as compared with the 
12-fold increase in PTCDA fluorescence efficiency as 
layer thickness was reduced over a similar range. 
This indicates that neither the presence of hetero- 
interfaces nor quantum size effects in the PTCBI 
multilayer stacks are as active in enhancing radiative 
recombination as they are in the PTCDA multilayer 
stacks. Furthermore, no absorption peak shifts were 
observed In the PTCBI/NTCDA multilayer struc- 
tures. This icsult is consistent with electroabsorp- 
tion measurements for PTCBI, ^^s where only small- 
radius (a* < 3 A), Frenkel excitons were identified, 
which are unlikely to exhibit confinement effects for 
the range of layer thicknesses used in these experi- 
ments. 

To quantitatively understand the spectral depen- 
dence on layer thickness, Haskal et al. assumed that 
PTCDA could be approximated as an adiabatic 
system with a single, totally symmetric vibrational 
mode dominant in the groimd state parabolic poten- 
tial. This assumption provides a single value of Wph 
between the PTCDA vibronic transitions CT(ST-v„] 
in Figure 4-8. Figure 4-13 shows the modified 
molecular potential of Figure 4-5 of both a thin 
(Figure 4-13a) and a thick (Figure 4-13b) PTCDA 
layer, indicating the optical transitions between the 
excited and ground states in these films. The ob- 
served redistribution of intensity to higher energy 
vibronic transitions was attributed'^ to a change in 
the relative equilibrium configurational coordinate 
of the excited iqj) and ground states (gm**). where Ag^ 
= <7m' - <7m" decreases with layer thickness (Figure 
4-13). In the Condon approximation, the osciDator 
strengths of the transitions from the lowest vibra- 
tional level of the upper (excited) manifold to the nth 
excited vibrational level of the low r (ground) mani- 
fold can be described by a Poisson distribution.^oe The 
vibronic transitions in Figure 4-8 have been fit to 
such a distribution to obtain Ag^ as a function of 
layer thickness, d shown in Figure 4-14a, assuming 
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Figure 4-13. Configuration coordinate diagram showing 
the relative changes in the excited and ground state 
molecular potential energy wells of (a) thin and (b) thick 
PTCDA films (from . ef 135). 
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Figure 4-14. (a) Change in the relative equilibnum 
configurational coordinate ( A^n>) of the excited and ground 
states as a function of layer thickness for both PTCDA 
NTCDA and PTCBI/NTCDA multilayer films. (b» Franck- 
Condon energy in PTCDA and PTCBI, measured as the 
diflerence from the CT[0-F] absorption peak to the first 
moment of the fluorescence spectrum. In both a and b. lin^ 
are drawn as a guide to the eye (from ref 135». 

a vibrational reduced effective mass of mr = 6 amu 
consistent with a C-C vibrational mode. Here. Aq* 
is found to continuously decrease with PTCDA layer 
thickness over the range of 500-10 A. The magni- 
tude of A^m corresponds to a large molecidar confor- 
mational change upon excitation which must take 
place in PTCDA, with its exceptionally large Franck- 
Condon energy, broad absorption spectrum, and lack 
of mirror symmetry between fluorescence and ab- 
sorption (see Figure 4-2b). 

Since Agn> corresponds to the total molecular con- 
formational change upon excitation, these results 
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Figure 4-15. Exciton— phonon coupling frequency, y. as 
a function of layer thickness for both PTCDA/NTCDA and 
PTCBI/NTCDA multilayer films. DaU are obtained from 
Figure 4-14 using method described in text. The lack of 
variation in y with thickness indicates that the structure 
of the layers is not a function of thickness, consistent with 
growth experiments discussed in section 3 (from ref I35». 

suggest that the decrease in A^m with layer thickness 
is due to exciton confinement in ultrathin layers. 
That is, as the layer thickness is decreased, the 
exciton overlaps with fewer molecules, so that the 
total conformational change of the excited molecules 
is r duced. Similarly, a reduced exciton radius in the 
ultrathin layers results in a decreased dipole mo- 
ment, which in turn decreases the observed confor- 
mational change. This is consistent with previous 
studies of the absorption spectra of organic/inorganic 
multilayer stacks, where it was also suggested that 
the intermolecular interaction decreases with layer 
thickness. ^^'* 

The molecular potential diagrams shown in Figure 
4-13 was also used to understand PTCBI/NTCDA 
multilayer stacks. The negligible change*^^ in a/ph 
suggests that the curvature of the potential is unaf- 
fected in MQW structures with even the thinnest (20 
A) layers. To account for the small redistribution of 
fluorescence intensity between the peaks in the 
fluorescence spectra, A<7m for PTCBI was also calcu- 
lated. With these assumptions, =^ 0.17 A, or 
roughly one-third that of PTCDA (Figure 4- 14a), and 
shows only a minimal dependence on layer thickness. 

Figure 4-14b shows the Franck-Condon energy 
(Efc) in both PTCDA and PTCBI as a function of 
layer thickness. Here, £fc is measured from the 
lowest energy absorption peak to the first moment*^^ 
of the fluorescence spectrum. It has been shown that 
the exciton-phonon coupling is^" 

y ^ (Ey.^iu^^/h)''' (4.1) 

which is plotted for both PTCDA and PTCBI in 
Figure 4-15. Here, h is the Planck's constant divided 
by 2.T. The exciton-phonon coupling is found to be 
independent of layer thickness. This result is ex- 
pected for layers whose structure is independent of 
laver thickness, which is found to be the case for 
PTCDA and PTCBI layers grown by OMBD using the 
conditions described in section 3.3.2. Indeed, Fenter 
et al.*^* have conclusively shown that strain is not 
relieved, even for very thick layers (>70 ML» when 
molecular films are grown under nonequilibrium (i.e., 
QE » conditions, such as is the case in the experiments 
discussed here t.^ee Figure 3-43ai. Hence, strain 
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relief is not the source- of the obsen^ed spectral shifts; 
Finally, y in PTCBI is -309^ smaller than for 
PTCDA, consistent with the difference obser\'ed in 
AQm for these materials. 

From results for PTCDA/NTCDA multilayers, the 
effects of confinement are significant due to the 
relatively large spatial extent of the exciton. That 
is, the extended exciton state (with a radius --12 A, 
see section 4.2) overlaps a large number of PTCDA 
molecules in the crystal. As a result, the exciton 
binding energy, radius, and dipole moment are all 
changed in thin films whose dimensions approach the 
scale of the unbound, self-trapped CT state. The 
significant ,T-orbital overlap in this closely stacked 
molecular system has the additional affect of leading 
to strong coupling between molecules which results 
in an unusually large exciton-phonon coupling of y 
^ 2300 cm"*. Such a large coupling implies that 
changes in exciton energy must result in changes in 
the intramolecular phonon energy, rt>ph, as observed. 
These findings for PTCDA are in contrast to PTCBI/ 
NTCDA, where the PTCBI exciton is largely unaf. 
fected by the ultrathin layers, due to its small radius, 
Frenkel-Hke characteristics. Haskal has explained 
the differences between PTCDA and PTCBI as 
foUows:*^^ (i) Since the imidazole group in PTCBI 
acts as an electron donor, holes are easily trapped 
on the excited molecules, leading to the formation of 
Frenkel excitons. (ii) The random distribution of the 
trans and cis isomers present in the PTCBI crystal 
leads to a disruption of the ,-T-orbital overlap between 
adjacent molecules in a stack, thereby limiting the 
spatial extent of the exciton. (iii) Calculation of the 
electronic overlap of the p orbitals of adjacent carbon 
atoms in two different molecules indicates that the 
overlap is over three times greater in the closely 
stacked PTCDA films as compared with that due to 
the 79c larger intermolecular separation in PTCBI. 
This implies that intermolecular carrier transfer is 
significantly reduced in PTCBI due to its relatively 
large interplanar stacking distance. 

4.2. CT States in Nonpolar OMCs: Theory and 
Experimental Confirmation 

Having eliminated extrinsic sources for the ob- 
served excitonic spectral shifts, we now consider the 
intrinsic physical origin of these phenomena. A 
comprehensive theoretical foundation has been de- 
veloped to treat this apparent "exciton confinement", 
and has been used to quantitatively analyze both the 
electroabsorption (EA) spectra and CT state absorp- 
tion blue shifts in PTCDA thin films. We will present 
highlights of this treatment in this section. 

The delocalized Wannier-Mott exciton and the 
localized Frenkel exciton hav*5 been theoretically 
investigated over the past 30 years, and quantum 
mechanical models have been developed to describe 
these fundamental excitations. In the first case, the 
Wannier-Mott exciton is based on band structure in 
uncorrected systems arising from significant overlap 
of cr>'stalhne periodic potentials. Assuming a single- 
electron model by applying the Hartree-Fock ap- 
proximation, the Wannier-Mott exciton can be rep- 
resented by an orthonormal complete set of spatially 
coherent, hydrogen-like wave functions.-'*' In 
contrast, the Frenkel exciton is considered as an 
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intraatomic or intramolecular excitation character- 
istic of highly correlated systems, which can diffuse 
from site to site. Frenkel states have no internal 
degrees of freedom and, hence, no internal quantum 
numbers. As a result of polarization of the electronic 
subsystems of the surrounding lattice due to charges 
and excitons (i.e.. many-body interactions*, polaron- 
type quasi-particles are created. This renders the 
single-electron approximation inapplicable, and hence 
is typically replaced by a Hamiltonian-^'^-^* that 
describes the Frenkel state by the exciton band 
number and wave vector. However, the internal 
quantum number of the Wannier exciton may in fact 
correspond to the Frenkel exciton band number, 
while such Frenkel excitons can be regaideH as a 
limiting case of the Wannier state, where the relative 
electron-hole (e-h) motion is confined to a small 
region of atomic or molecular scale. 

The charge-transfer (CT) exciton state is usually 
considered as an unrelaxed polaron pair,^^** with both 
the positive and negative polarons of the charge pair 
localized on a set of discrete, identifiable, and nearly 
adjacent molecules.^i^.-ia 'j^e relaxed polaron state 
is called a charge pair (CP) state or self-trapped CT 
exciton,^"-^^" -^^^ which is at an energy lower than CT 
states due to strong exciton -phonon coupling (see 
Figure 4-5). 

This localized picture is true only if each molecule 
is a point source of a d-function-like potential. In 
that case, charges can only exist in a deep, narrow 
potential well at each nuclear or molecular site. In 
general, however, the charge is not static. And since 
the molec\ilar ion has finite size, shape, and orienta- 
tion, the potential cannot be accurately modeled by 
a 6 function. Ir addition, for planar stacking mol- 
ecules such as PTCDA and BTQBT^^^.-u^ ^^ere there 
is significant overlap between the .t systems of 
adjacent molecules in the stack, the electronic states 
can no longer be considered as highly localized at a 
single lattice site. As a result, the exciton wave 
function must be a somewhat uncorrelated, extended 
state with considerable spatial coherence, and whose 
shape and symmetry is dependent on the crystalline 
and molecular structures.^^^ 

As shown in the previous section, extended CT 
states and quantum exciton confinement in organic 
thin films have already been proposed and ob- 
served.^ 24.135.150 is: multiple quantum wells con- 
sisting of ultrathin layers of PTCDA sandwiched 
between similar layers of NTCDA, the energies of the 
exciton absorption peak (Figure 4-12) and the vibra- 
tional frequencies in the PTCDA fluorescence spec- 
trum (Figure 4-8) increase with decreasing layer 
thickness. Also, photoemission and inverse photo- 
emission studies of PTCDA show that the electron- 
hole exchange energy. Ve,c. which is the energy 
needed to remove an electron firom one molecule and 
place it on another, is^i^zie somewhat larger 

than the estimated molecular bandwidth of 0.1-0.4 
i7:.i9..2iT jj^g indicates weak correlation resulting 
from significant charge delocalization in PTCDA. All 
of these results suggest that extended CT excitons 
are best described using quantum ( extended ) rather 
than simple electrostatic 'localized) models typically 
applied to organic molecular crystals.''*'-' 
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Starting from the real-space representation of 
chemical bonding, Mukamel and co-workers-'*-^""-" 
proposed a second quantization approach to under- 
stand quantum size effects in ultrathin organic films. 
Their method is to map the electronic motions of the 
confined states onto a set of coupled harmonic oscil- 
lators. On the basis of the single electron, reduced 
density matrix, and then solving the time-dependent 
Hartree-Fock equation, the electronic charges and 
motion can be related to their optical response.--^ By 
using the tight-binding Hamiltonian for .t electrons, 
a basis set of exciton states is chosen to correspond 
to the discrete e— h separations, where each state i.> 
perturbed by Coulomb interactions, electron-electron 
coupling, lattice polarization, aggregate response, 
chemical bond oscillations, and interactions which 
induce the intermolecular charge transfer. The rela- 
tive magnitudes of these terms determine the char- 
acteristics^^^^^--^ of the exciton (i.e., whether it 
follows Frenkel, CT, or Wannier behavior). By this 
means, it was found^^® that quantum confinement of 
the relative (correlated) e-h motion of the CT exciton 
plays an important role in determining the magni- 
tude of the third-order nonlinear susceptibility, , 
of conjugated polyenes. 

At low exciton densities where exciton-exciton 
coupling can be neglected, the self-consistent field 
approximation is valid. In this case, the e-h motion 
can be described by a quasi-particle interacting with 
an average field of the remaining charges. Based on 
this quasi-particle picture, the main goal of the work 
of Shen and Forrest^"*^ was to find a simple approach 
(i.e., a one-electron Hamiltonian) to describe the 
relatively delocalized CT exciton in anisotropic, non- 
polar organic crystals, to study the effect of crystal- 
line anisotropy on CT exciton energies, and to un- 
derstand the experimental phenomena such as 
"quantum confinement" in multilayer structures, the 
electroabsorption (EA) spectra,*"' as well as other 
quantum phenomena &*equently observed in nonpo- 
lar organic molecular crystals. This treatment has 
been found to be quite general, and was also used to 
describe the EA spectra in inorganic semiconductors 
such as GaAs.^^ 

4.2.1. Hamiltonian for CT Excitons 

The following general form was chosen for the 
Hamiltonian describing the motion of electron— hole 
pairs in OMCs such as PTCDA:*'*^ 

^o^T^ + V^.^-hV^,,,, (4.2 » 

where T is the kinetic energy, Ve-h is the electron - 
hole binding energy (or Coulomb energy), and Vpseudo 
is the periodic crystalline pseudopotential. For semi- 
conductors with a large overlap of atomic wave 
functions between ionic cores in the crystal, the 
periodic pseudopotential (which includes on-site cor- 
relation effects) applied on the valence electrons is 
weak enough to result in a modified fi-ee electron gas. 
In this limit, the motion of the electron can be 
described by the one-electron Schrbdinger's equation, 
leading to a description of the energ\- levels in terms 
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Figure 4-16. Schematic diagram showing Ve-h (dashed curve) with the periodic correction term (or pseudopotential V^ps*udo) 
which IS a function of the molecular size, shape and separation. The sum of V,-h and Vp^^udo gives the total potential (solid 
curve) for an exciton as a function of e-h separation r. Also shown are plots of the wave function density vs r for (a) 
delocalized and (b) localized exciton states. The lower part of each fi^^ provides a schematic representation of the localized 
and delocalized CT exciton states. 



of a fannily of continuous functions, £„(k), each with 
the periodicity of the reciprocal lattice. This results 
in an incipient hand structure, where n refers to the 
energy band, and k is the conserved crystal momen- 
tum. This small lattice periodic pseudopotential, 
Vp^eudo, leads to relatively high carrier mobility ( >0.01 
cm-/(V si), and wide energy bands (greater than or 
on the order of the electron-hole exchange energy, 
\V\c Figure 4- 16a shows a schematic representation 
of V«.-h, and the total "delocalized" exciton potential 
Vdeioc = Ve-h + V^pseudo, typical of ionic or covalently 
bonded semiconductors. Under such conditions, the 
exciton states are hydrogenic, where the lowest 
energy (s-like) electron wave function density is 
(<^>*0^deioc. with its characteristic monotonic decay and 
extended spatial coherence. 

In contrast to inorganic semiconductors, organic 
molecular crystals are typically characterized by 
weak intermolecuiar vdW interactions. This leads 
to relatively small overlap of molecular orbitals and, 
hence, a strong localization of charge carriers. Under 
such conditions, both the one-electron approximation 
and the concept of extended energy bands are not 
appropriate. Additionally, elastic and inelastic in- 
teractions between the charge carrier and lattice are 
strongly coupled, such that the wave momentum k 
is not conserved Heading to poor spatial coherence), 
thus further increasing charge localization. -^ -^^ In 
this case, Vpseudo is large compared to Ve-h. Here, 
Vp.eudo corresponds to the on-site correlation energy 
which approximately equals the difference between 
the exchange energy, Vexc» and the crystal polariza- 
tion energy, Pzir). This is characteristic of many 
vdW solids, leading to a low charge carrier mobility 
* <10"* cm-7)V si) and narrow < <kT) energy bands. 
Figure 4-16 also shows the total potential, Vioc, and 
wave function density, (^*^>ioc for such "conven- 
tionar, highly correlated OMCs where the e-h pair 
is localized n the molecular sites. Indeed, the 
calculated band structure for anthracene indicates 
that electronic polarization significantly reduces the 
efTective bandwidth. The resulting electron mean 



free path is found to be smaller than the intermo- 
lecuiar spacing, demonstrating the inconsistency of 
the band model for anthracene-type crystals.^^-^^^ 

However, the experimental fluorescence and ab- 
sorption data for ultrathin PTCDA films suggest that 
for some molecular crystals where there is significant 
overlap between the -T-systems of adjacent molecules, 
the energy bandwidth is comparable to or larger 
than^-** Vpseudo while the mean free path is at least as 
great as the intermolecuiar spacing, leading to sig- 
nificant charge delocaUzation. Since the electronic 
polarization time constant*^^** is very short (10'^^ to 
10"^^ s), the one-electron model might still apply in 
such cases. 

Given the unusually small intermolecuiar distance 
in PTCDA which leads to a high hole mobility (^1 
cmW-s) along the sUcking direction,^'2.224 spatially 
extended CT states,^^ 24 135.177 ^^^j^ j^^.^^ osciUator 
strengths and a combined lowest unoccupied molec- 
ular orbital (LUMO) and highest occupied molecular 
orbital (HOMO) energy bandwidth of 0.1-0.4 
215.217 is comparable to V^^seudo - 0.5 eV. Here. 
V^p«udo = I Ve„ - PeI. with Pe = 1.5 eV for PTCDA.^'^ 
Using Vexc =^ 1 eV measured using photoelectron and 
inverse photoelectron spectroscopy,2^5.2i6 ^j^^^ 
for PTCDA and similarly "large bandwidth" vdW 
solids, Vpseudo is small and correlation effects do not 
dominate the electronic behavior of the material. 

Using these arguments, the Hamiltonian for delo- 
calized CT excitons in the center of mass coordinates 
has been written as*"® 

"M^-^^J-^-^^hT) (4.3) 

Here, r = Fe - rs is the displacement vector of the 
e-h pair, m, = m^,mhjMmtt + nthJ is the reduced 
efTective mass along direction 1 = 1 or II. and (^h) 
is the effective electron (hole) mass. For PTCDA, X 
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Figure 4-17. Schematic representation of lattice polariza- 
tion in an OMC. The cross-hatched circles represent the 
molecular positions within the lattice, and an excess charge 
is placed at (-) in the center of the diagram. 

is taken along the substrate normal/^ 2. Finally, the 
displacement-dependent polarization energy, Pe(t\ 
is a function of the crystal s3Tiimetry and molecular 
structure. 

Polarization of the crystal due to the presence of 
an excess charge is illustrated schematically in 
Figure 4-17. These effects, which are typically on the 
order of 1 -2 eV in OMCs, must be calculated to fully 
account for the binding energy between the electron 
and hole forming the exciton. Calculations of polar- 
ization energies using classical electrostatics were 
carried out by Silinsh using the self-consistent po- 
larizatioi: field (SCPF) method225 «nd by Bounds and 
Siebrand^^*^ in terms of Fourier-transformed lattice 
multipole sums. They found that, to first order, the 
e-h interaction potential fVe-h) is essentially Cou- 
lombic, e.g., Ve-h = -^^/^avgr, for large charge pair 
separations, r (i.e., r > one lattice constant), where 
€avg is the spatially averaged crystal dielectric con- 
stant. This result is, in some respects, similar to the 
case of conventional semiconductors where the crys- 
tal lattice consisting of electrons and nuclei can be 
regarded^^ quasi-macroscopicaUy as polarizable me- 
dia with a spatially averaged dielectric constant, €avg, 
as long as the e-h distance is large compared to the 
lattice constant. Fundamentally, an electron in the 
conduction band, or the lowest unoccupied molecular 
orbital (LUMO), as well as a hole in the valence band, 
or the highest occupied molecular orbital (HOMO), 
are always accompanied^ by electronic polarization 
(via polarons) of the surrounding medium. This 
similarity suggests the feasibility of applying the 
Wannier exciton model to describe CT excitons with 
radii larger than one lattice constant. 

Hence, the crystal polarization in the anisotropic 
OMC, PTCDA, as well as in NTCDA was calcu- 
lated^^^ using a method similar to that of Bounds et 
gj 226^ From this analysis, P^r) in the eflFective one- 
exciton Hamiltonian in eq 4.3 can be used to find 
energies and wave functions of CT excitons by solving 
Schrodinger's equation. To calculate PE(r\ Shen and 
Forrest^^^ consider d a lattice with a basis whose unit 
cell volume is u, and a molecule at rilk), where I - 
{IjJyJz} is the lattice index, and * = {1,2,3,...} is the 
index of a particular basis molecule within the unit 
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cell. The medium is polarized due to the electric field. 
Fo. from excess charges in the crystal. The macro- 
scopic field Fmac at site ilk) thus includes Fo and the 
induced dipole field, F.nd via 



F_.(/*) = F.,(/*» 



(4.4' 



where F^d is the sum of the field due to the dipole at 
the same site f self-field, F^eif) and that due to the 
surrounding dipoles. Assuming a spherical dipole for 
homogenous and isotropic media, Fseit is taken as-^^ 
-fiilkyZv^oy where to is the vacuum permittivity and 
fiilk) is the dipole moment tensor. Then 



fiilk) = a(ky¥^Jlk) 



(4.5) 



where a{k) is the effective polarizability of molecule 
A, and Fioc(/A) is the local (average) field at site ilk) 
excluding the induced field due to molecule (Ik). 
Hence 

F,Jlk) = ¥^Jlk)'¥^,^lk) (4.6 » 

The total crystal polarization energy, f e. is found 
by integrating over the individual molecular polar- 
izations, pE(y) over the first Brillouin zone (IBZ) 

= 'IzY^^odky^^^lk) = -i;/2 /B2PE(y) dy (4.7) 

Thus, the e-h interaction energy is a sum of the 
unscreened Coulomb attraction and the crystal po 
larization energy, via 



|r(/i*i,/2*2)l 



Equation 4.8 gives the potential energy of an e-h 
pair in a nonpolar organic crystal and includes the 
e-h attraction as well as the microscopic lattice 
response to the charge pair in terms of the polariza- 
tion energy, as required in the Hamiltonian in eq 4.3. 

Equation 4.8 has been used to calculate Ve-h in 
NTCDA and PTCDA, using known dielectric tensor 
elements.^^* The crystalline and dielectric anisotro- 
pies of NTCDA are much smaller than for PTCDA 
due to the herringbone stacking habit in NTCDA. 
This leads to a nearly isotropic index of refraction 
for NTCDA, resulting in a spatially averaged diago- 
nal dielectric tensor whose elements along the prin- 
ciple axes are €avg = 2.6. 

The interaction energies, Ve-h{r) for both NTCDA 
and PTCDA are shown in Figure 4-18. The results 
are compared with the **screened" Coulomb potential. 
Vscr = -^Vlf -rl, where € is the macroscopic dielectric 
tensor for the crystal. Since diagonal elements of the 
NTCDA dielectric tensor are approximately qual,*"^ 
the e-h interaction energy in Figure 4-18a is com- 
pared with V^T = -gVfavgT, providing a g od fit to 
the calculated values along all crystalline axes. 

For the highly anisotropic PTCDA. Ve-h d pends 
sensitively on the crystal direction for r < 20 A. The 
dashed curve in Figure 4-18b is a plot of V^cr = -q-l 
^^v^r, where ^ave = SAl/^. 2/e 1 = 3.2. Using 
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Figure 4-18. Electron-hole potential energy (Ve-h) calcu- 
lated for (a) NTCDA and (b) PTCDA as a function of charge 
separation (rl along three crystalline axes (data points). 
Since NTCDA is isotropic, the calculation is compared with 
results obtained in the isotropic continuum approximation, 
where € = 2.6 (solid line). The calculation for the anisotropic 
PTCDA is carried out along three crystalline axes (a axis, 
circles; b axis, squares; c axis, triangles). The dashed— 
dotted curve is Ve-h =^ ^scr using the dielectric constant 
along the a axis, €a = 21. and the dotted curve uses value 
along the 6, c, tb = 4.5 (where fb ^ ^c). The dashed curve 
uses the spatial averaged dielectric constant tavg = 3.2. Note 
when r > 25 A, tavR results in the best fit, and when r < 15 
A, where i represents the crystalline axes, provides 
excellent approximations to the calculated values. The solid 
curve uses the effective dielectric constant, teff described 
in text (from ref 176). 

results in the best fit to Ve-h for large r (>25 A), 
regardless of direction, suggesting that the potential 
becomes spatially averaged at distances of only a few 
nolecular lattice constants from the origin, even for 
anisotropic systems such as PTCDA. However, for 
small r ( <15 A), Ve-h deviates significantly from the 
spatial average (clearly apparent in the inset of 
Figure 4-18b, where Ve-h is plotted as a function of 
]/r). For small r, the mean dielectric constant can 
he approximated using Vkt = -q^dr (where i refers 
to crystalline directions), as shown by the corre- 
sponding curves in Figure 4- 18b. 

Once Ve-h was determined, a trial wave function 
was chosen to solve eq 4.3. Due to the relative 
isotropy of PTCDA in the II direction, cylindrical 
coordinates (r = (p.^.z) with p, <t> in II, and 2 in 1 
directions 1 were used. In these reduced coordinates, 
the kinetic energy operator is isotropic, where the 
anisotropic mass and dielectric tensor elements are 
expressed in the parameter. )3, = (m/mo)^ €aV*>- Here 
is the free electron mass and m, is the reduced 
mass in the / direction. The trial wave function 



chosen for the lowest, exciton state was-^\ 

<p^^ = exp(-^)//TC,|-c^ (4.9a) 

where 

g = (p%^ + zVcy-^- (4.9b) 

Here, Cn and Ci are variational parameters used to 
minimize energy, p = e,aBP> and 2' ~ tOB^, and as — 
0.529 A is the Bohr radius of the free electron. The 
lowest energy, E^^^, is found via 

C!;.C_ 

and the exciton radius along i is then 
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422, Theoretical Fits to Electroabsorption and MOW 
Absorption Spectra 

4.22, L Electroabsorption Spectrum, The theory 
outlined above was used to fit the EA spectrum of 
PTCDA. Here, EA has been shown to be an ex- 
tremely useful means for providing information about 
band structure and localized states in both organic 
and inorganic semiconductors.^'*^"^-^*^ ^^^^ Localized 
states in OMCs result in correspondingly smaller 
electric field effects than in inorganic semiconductors 
where the low exciton binding energy (^IG meV; can 
be strongly perturbed by even small external fields. 
In OMCs, the first- and second-order Stark effects 
are t)rpically interpreted as due to a localized dipole 
moment interacting with the applied electric field.^*^-^ 
For tightly bonded (--1 eV) Frenkel excitons, the 
change of absorption follovrc the first derivative of 
the absorption with respect to energy (i.e.. the 
quadratic Stark effect), whereas for polar CT excitons 
with large transition dipoles and with binding ener- 
gies <500 meV, the field-induced change of absorp- 
tion is proportional to the second derivative of the 
absorption spectrum.^*^-^ For example, electrore- 
flectance studies of the tz-jt* excitations of the 
polydiacetylene single crystal poly-l,6-di-iV-carba- 
zolyl-2,4-hexadiynal (DCHD) provided evidence for 
an extended CT exciton state whose EA response is 
10 times larger than for the localized Frenkel exciton 
line*! in that same material.^*^-^^^ 

The rooni temperature excitonic EA spectrum due 
to excitons in crystalline thin films of PTCDA has 
been studied^^^ at electric fields ranging from F = 
|F| = 100 to 300 kV/cm . This field is sufficiently 
smaU to consider its effects tc be a linear perturbation 
on the exciton binding energy. Given Ho, along with 
the basis wave functions, (fnf provided in eq 4.13, the 
EA spectrum of PTCDA has therefore been fit using 
a perturbation Hamiltonian. H]. Since an external 
field Fo will polarize the crystal, the local field Fi^c 
at the exciton, and the macroscopic field Fmac in the 
crystal, may differ. Hence 

H,=q/^F,^dr = 9F„,,T (4.10) 
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This treatment is valid only at low electric fields, 
where qFa^,.^ = <7lF|aavg < F^'u = 200 meV, or F < 2 
MV/cm, where 

«avg = >/^? ^ 11 A 

Using the perturbed trial wave function-^^ 

the energy shift in the CT absorption peak iAE) was 
found for a field oriented in the normal (1) and in- 
plane (II) film directions, as 
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^^avg^± "l "avg 



(4.12; 

Also, the broadening of the state due to the external 
field is given by 



(H,') = ({9F_T)^> = ^'^^i' (4.13) 
19 F|i Oil 

The ratio of the r>xciton Une shift broadening is 
therefore independent of crystal direction : 



9 ^avgQavg 

4 



(4.14) 



In the limit of small fields, the change of the exciton 
absorption sptctrum depends quadratically on the 
electric field, via 

(4.15) 

where £ph is the photon energy. The experimental 
quadratic dependence of Aa is shown in the inset of 
Figure 4-19 for PTCDA.^" where the electric field 
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Figure 4-19. Room temperature PTCDA electroabsorption 
spectra at various electric fields oriented normal to the 
substrate, Fj.. Inset: Electroabsorption magnitude as a 
function of FJ at two different photon energies, Eph = 2.1 
and 2.2 eV (from ref 176). 
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Figure 4-20. Absorption (a) and electroabsorption (Ao) 
spectra of PTCDA. Top: Electroabsorption spectra ami 
numerical fits (dashed lines) with fitting parameters listed 
in Table 8, For the field oriented parallel to the substrate, 
the electroabsorption (circles), Aai, was obtained at F> - 
0.16 MV/cm» and for perpendicular fields (squares)* Aa., 
the field was F. = 0.15 MV/cm. Bottom: Absorption 
spectrum (triangles) and the fit (hnes). The fit of the total 
spectrum assumes a series of Gaussian line shapes corre- 
sponding to previously resolved (ref 197) exciton line shapes 
for PTCDA. The dashed -dotted line corresponds to the CT 
absorption component of the fit with a peak energy of 223 
± 0.03 eV and a width of 0.17 eV (from ref 176). 

was applied along ±, and Aa was measured at the 
CT^ and CT^ energies of £ph = 2.1 and 2.2 eV, 
respectively (Table 7). The EA spectra obtained for 
the electric field oriented along 1 and II directions are 
plotted in Figure 4-20. 

The lowest energy absorption peak at 2.23 ± 0.03 
eV in the PTCDA spectrum was shown in section 
4.1.1 to be a spatially extended CT state, whereas 
the higher energy absorption peaks correspond to 
Frenkel states. Due to the localized nature of the 
Frenkel excitons, these later states are less sensitive 
to the applied electric field.^^" Furthermore, since 
Frenkel excitons respond to the electric field via the 
change in polarizabiiity, the EA spectra of such sUtes 
are proportional to the first derivative of absorp- 
tion^i^^ SoJdE. Hence, the high energy features ( >2.3 
eV in PTCDA) exhibit a smaUer electric field depen- 
dence and different line shape as compared to the 
low energy CT states. The EA spectrum measured 
for PTCDA, shown in Figure 4-20, is therefore 
primarily due to line broadening of the lowest enerRX'. 
extended CT state. 

Hence, Aa was fit by Shen et al.*" usmp two 
parameters AE and {Hr\ while doJ3E and 
were obtained from the lowest, inhomogent^uslv 
(phonon) broadened CT absorption line with a pt^ak 
energy of 2.23 ± 0.03 eV and a width of 0.17 - 0 (»2 
eV (see Table 7). According to eq 4.14, broadening: 
dominates the EA spectra due to the small exciion 
radius (^E/{Hx^) = -(0.14 ± 0.02) x 10^ V/cm- meV- . 
Thus, the ratio l^lQix^ is used to estimate a.v,. while 
gives the ratio of the exciton radii along 
1 and II directions- Figure 4-20 shows the EA data 
and fits (dashed lines) employing the theoretical 
treatment of section 4.2.1 for normal and in-plane 
fields,^^^ obtained using = 12.5 ± 0.5 A and a = 
10.2 ± 0.4 A, indicating that the CT state does indeed 
extend over several molecular sites, consistent with 
the analysis of the solution fluorescence discussed in 
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Figure 4-21. Top: Fit (dashed line) to the electroabsorp- 
tion spectrum (squares) of GaAs at F = 8 kV/cm taken from 
ref 13 using the theory in text. Bottom: Band edge 
absorption spectrum of GaAs indicating the Wannier 
exciton state. Data also from ref 13 (from ref 176). 

section 4.1.1. The small anisotropy found for the 
PTCDA exciton radii suggests a similarly small 
anisotropy in the effective reduced mass, which are 
calculated to He = (0.17 ± O.ODmo and mt; = (0.19 
= 0.01 )ma. The exciton binding energy was Eu = 185 
- 20 meV. Results from the EA analysis for PTCDA 
are provided in Table 8. 

While the apparent isotropies in the exciton mass 
and radii appear unexpected for such an anisotropic 
medium as PTCDA, EA provides the "Coulombic" 
effective mass of the nearly S3anmetric Is state. On 
the other hand, hole mobility measurements indicate 
a large asymmetry (with^" Wp.^ s lO^/^pji). Mobility, 
however, reflects the "transport** effective mass in- 
ferred from // — qr/m. Since « r, where r is the 
carrier scattering time, which can carry the anisot- 
ropy in // due to enhanced scattering along a par- 
ticular crystalline direction. For the case of PTCDA, 
the motion of a charge along II is easily scattered by 
tie large intermolecular potential barriers (for ex- 
ample, Vpseudo. in Figure 4-16), leading to strong 
1 realization in that direction. Hence, we expect that 
r << r., leading to the very anisotropic mobility 
cbser\'ed, while the effective mass remains largely 
inotropic, since it is primarily due to the electronic 
distribution within a given molecule. 

The analysis of the EA spectra has also been 
applied to study*"® Wannier excitons in GaAs. This 
is readily apparent by similarities between the EA 
spectra of PTCDA and GaAs*^ shown in Figure 4-21. 
The broadening observed in GaAs has been qualita- 
tively attributed" to field ionization shortening of the 
exciton lifetime, optical-phonon collisions, etc. How- 
ever, a simple, quantitative fit can be achieved by 
application of the wave function and potential em- 
ployed to describe field-induced line broadening in 
CT excitons in organic films. The EA data in Figure 
4-21 were fit 'dashed line* assuming a = 70 A. and 



Els - 8 meV, consistent with expected values for bulk 
GaAs.238 This fit to the bulk GaAs EA line shape 
using eq 4.3 suggests that both Wannier and CT 
excitons have a common physical origin and can both 
be equally well approximated by hydrogenic wave 
functions broadened in an external electric field. 

4.2.2.2. Quantum Confinement in Organic Multi- 
layers. Evidence for quantum confinement of ex- 
tended CT states in organic multilayer structures has 
previously been provided by Soj^^^** Haskal,*^^^®^ and 
Hong.^^" As discussed above, it was observed that 
the lowest energy absorption peak, the ground-state 
vibrational fi:^quency of the exciton fluorescence 
spectra, and the exciton photoluminescence peak 
shift to higher energies as the layer thickness is 
decreased. Shen and Forrest^"® have applied the 
general Hamiltonian of eq 4.3 to quantitatively study 
these blue shifts in the CT absorption peak in 
PTCDA, and then compared the resulting exciton 
radius, effective mass and binding energy with those 
obtained from direct measurements obtained from 
the EA spectra presented in section 4.2.2.1. 

The source of the confinement in the organic layers 
of thickness, d, are the energy discontmuities of the 
HOMO and LUMO bands at the heterointerfaces 
between the adjoining materials. The Hamiltonian 
of an e-h pair in the PTCDA/NTCDA multiple 
quantum well structure shown in Figure 4-22 has 
been expressed as*^® 

(4.16) 

where Tw is the in-plane kinetic energy of the exciton 
center of mass, me-hji is the reduced mass along 11, 
and Te x and Th.. are the kinetic energies along the 
normal (i.e., molecular stacking) direction with cor- 
responding masses m^^ and mn.x. Also, Ze and are 
the normal coordinates for the electron and hole, 
respectively, and Ve, Vh are the LUMO and HOMO 
levels in Figure 4-22. For multilayers consisting of 
PTCDA and NTCDA, energy barriers to carrier and 
energy transport are formed by the offsets of the 
LUMO and HOMO energy band mir.ima. These 
energies were found^ via analysis of the current- 
voltage characteristics of PTCDA/NTCDA hetero- 
junctions, to be AElumo = 980 meV and AEhomo = 
50 meV (where NTCDA has the larger HOMO- 
LUMO energy gap). Since A£ll-mo ^ AEhomo* and 
» mh, the quantum well for electrons was ap- 
proximated as having an infinite depth, with the 
electron confined in a single layer of "index'' A' = 0. 
In this analysis, only the lowest, nearly symmetric 
Is CT state corresponding to the lowest energy 
absorption peak observed in the PTCDA spectrum 
was considered. 

The trial wave function of the lowest exciton state 
for an electron in layer 0. and a hole in layer A' can 
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Figure 4-22. Top: Schematic diagram of a PTCDA/ 
NTCDA MQW structure, where N is the layer index. The 
HOMO-LUMO energy diagram of this structure is shown 
to the right, and in greater detail at the Bottom. Also shown 
in the lower band diagram are schematic illustrations of 
confined wave functions (solid lines) and in the bulk 
(dashed lines ^. 

be written as the product of the free exciton wave 
function (<^>e-h(p, z^z^- 2h)\ and the electron (Mz.)) 
and hole {<Ph(zh)) envelope functions. These latter 
functions are oscillatory in the wells and decaying 
in the barriers. The total wave function is 



where 



and 



= <Pe^^eW^h^<t>e-^(p. ^ = " ^h) (4.17a) 



" to Uel > d/2 ^^-^^^^ 

cos(A(Zh - ^^'^l N € even 

cos(*d/2)cosh[*^Zh " ^d"^^ 

— N € odd 

(4.17c) 



cosh{*d/2) 



fA(AOexp(-g) 



N € even 



|A(AOexp(-^)iVeodd ^'-''^^ 

with N = even (odd) corresponding to the layer index 
for wells (barriers), and AiN) is a constant depending 
on bothg and the effective masses in the 1 direction. 
Thus, k and v are obtained from solutions of the t: me 
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Fi^re 4-23. The low-energy absorption tail shift as a 
function of pressure for NTCDA and PTCDA nims. Upper 
straight line is the same plot for NTCDA vs relative density 
(from ref 240). 

independent Schrodinger equation. Minimizing 
the CT[0-F] absorption peak shift data obtained by 
So*^ and Haskal*^^ in multilayer structures, where 
d was varied from 10 to 500 A, have been fit^"^ to 
obtain the exciton radius and reduced masses in the 
-L direction. 

The results obtained from this fit for different hole 
masses are shown in Figure 4-12, where the dashed 
curve corresponds to mh._ = 0.18mo and the dotted 
line corresponds to mh.. = 0.14mo. The best fit (solid 
line) is obtained for mn.^ = (0.16 ± 0.01 )mo. The blue 
shift of the exciton energy vs d tapers off for < 10 
A due to the onset of tunneling between wells, in 
which case the holes are no longer further confined 
as c/ ^ 0. This condition corresponds to that observed 
for organic bilayers reported by Hong et al.^^° 

The effective mass, radius (a^ = 12.9 ± 1.0 A) along 
the normal direction, and exciton binding energy 
measured using the absorption blue shift data for 
PTCDA/NTCDA MQWs are consistent with the re- 
sults obtained independently fi^om fitting the EA data 
for homogeneous PTCDA thin films (see Table 8). 
These data provide the first conc/£/5ri;e evidence that 
Wannier-like CT excitons exist in molecular com- 
pounds characterized by closely spaced planar mol- 
ecules, resulting in a large molecular wave function 
overlap between adjacent molecules with extended, 
Bloch-like, spatially coherent electronic states. 

This situation is analogous to the directly observed 
transition from Frenkel to Wannier excitons in pres- 
siunzed fluid xenon.^^s Furthermore, the narrowing 
of the optical bandgap of PTCDA under hydrostatic 
pressure,^*** shown in Figure 4-23, supports the 
delocalized picture for the CT exciton in this material. 
That is, the .7-,t* transition energy is found to 
significantly decrease with pressure due to the 
broadening of the energy bands on close approach of 
the adjacent molecules in the stacks. 

To fiirther test the effects of quantum confinement, 
room temperature, time-resolved fluorescence mea- 
surements of the CT[ST-2] transition peak at £ = 
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Figure 4-24. Exciton lifetime as a function of PTCDA 
layer width in symmetric PTCDA/NTCDA multilayer 
structures. The solid line is a fit to the data based on the 
theory of So (ref 24) and Shen (ref 176). Inset: Photolu- 
minescence time decay transients for two MQW samples. 
The transient for the d - 200 A sample has been shifted 
upward by 0.1 decade in this plot for clarity (from ref 24). 

1.70 eV were carried out by optically pumping the 
MQWs with a 4 ns pulsed Ar ion laser.^^ At this 
energy, excitons were generated only in the PTCDA 
layers since NTCDA is transparent at this wave- 
length. The fluorescence decay transients for two 
MQW samples obtained at 20 K are shown in the 
inset of Figure 4-24. Here, the exponential decay 
over several decades in intensity of the transient is 
apparent. In addition, the dependence of the exciton 
lifetime * Tex » on well width id) is shown by data points 
in Figure 4-24. with decreasing from 10.8 ± 0,5 
ns for d = 200 A, to 5.7 ± 0.5 ns for d = 10 A. Now, 
the total recombination rate is r'* = Tex"* + ^nr~^> 
where inr is the time constant for nonradiative decay, 
such as due to trapping at the PTCDA/NTCDA 
interfaces. If the nonradiative recombination rate is 
such that Tex~^ ^ rnr"\ the lifetime should decrease 
due to traps, thereby decreasing the intensity of the 
radiative emission. The time-integrated room tem- 
perature fluorescence intensity, however, was found 
to be independent of layer thickness,^* indicating that 
nonradiative recombination is not significant. On the 
contrary, Haskar*** found that the integrated fluo- 
rescence intensity significantly increased with de- 
creasing d (Figure 4-8). A similar inference can be 
made from experiments^ which indicate that carrier 
collection after photogeneration is enhanced in PTC- 
DA/vanadyl-oxide Pc (VOPc) multilayer structures. 
In that case, nonradiative centers at the multiple 
interfaces would tend to decrease the carrier collec- 
tion efficiency, in stark contrast to observation. 
Finally, if the exciton lifetime is dominated by traps, 
it should decrease with increasing temperature.^** 
However, time-resolved measurements have shown 
that the radiative decay time of OMBD-grown PTCDA/ 
NTCDA MQWs is independent of temperature from 
20 to 295 K. 

The decrease of i^x with decreasing d, therefore, 
results from an increase in the overlap of the electron 
and hole wave functions in the PTCDA potential 
wells. A similar explanation of the dependence of the 
exciton lifetime on well width has been used to 
analyze radiative decay in GaAs/GaAlAs quantum 



weUs,^^- For the hy4rogenic Is state, re,".* is propor- 
tional to the exciton volume.-^^ Using the quantum 
mechanical treatment of the CT state, the exciton 
volume (^/Ivl^ cPt) in a MQW decreases with well 
width, thus accounting for the decrease in exciton 
Ufetime. On the basis of the above analysis, the 
dependence of exciton volume, and hence tex on d, is 
shown by the solid line in Figure 4-24 using the 
exciton radius and effective mass provided in Table 
8. These results are in good agreement with the 
lifetime data, indicating the exciton quantum-con- 
finement model can quantitatively account for the 
observed changes in both the exciton binding energy 
and lifetime. 

42.3. Correspondence between MOW Absorption and 
Fluorescence Spectra 

The analyses of the EA and the fluorescence 
spectral dependencies on I'^yer thickness have shown 
that spatially extended CT excitons exist in PTCDA, 
while Fi-enkel excitons dominate the spectral features 
in the similar compound, PTCBI. In addition, analy- 
sis of the fluorescence spectra has shown that the 
amoimt of molecular conformational change upon 
excitation decreases with layer thickness in ultrathin 
layers of PTCDA (Figure 4-14a). The large change 
in dipole moment which accompanies the creation of 
an excited state^*^ indicates strong CT exciton - 
phonon coupling. To quantitatively investigate the 
exciton -phonon interactions in strongly coupled 
OMCs such as PTCDA, and in particiJar to under- 
stand why the absorption blue shift ^Aojex) and 
change in phonon frequency (Aa>ph) with layer thick- 
ness are similar in magnitude (Figure 4-9), Haskal 
et al.^^^ analyzed the interaction of excitons and 
phonons in external radiation fields. The Hamilto- 
nian used to calculate linear exciton— phonon inter- 
actions was^' 

H = h(a)^^ - aj)a^a + ^haj^uj>/h " 

Y/iya^aib^ + 6/) - pia^F - fiaF* (4.18) 

where ha^^x is the exciton binding energy, (o is the 
photon frequency, hiOp^^i is the energy of the phonon 
mode )3, and ^ is the electric dipole moment of the 
exciton. Further, a*{a) and b^^ibfi) are the exciton 
and phonon creation (annihilation) operators, respec- 
tively. 

Tlic exciton population (a*a) and phonon amplitude 
(b,r + btf) are calculated in steady state assuming 
the external field F is small, and only a single 
dominant phonon mode is present, in which case 

Q^Qs (4.19a) 

and 

6 + 6'=^i^ (4.19b) 

In eq 4.19a, Q = /4/'/2h is the Rabi frequency, d is 
the exciton dephasing rate, and rj - Ut>..» - a>) is the 
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detuning parameter.' In general, d ^ Wex- From eq 
4.19, the exciton-phonon interaction energy is'^ 



Forrest 



(4.20) 



Assuming that ^,nt is independent of changes in E^c 
or Eex which accompany a reduction in layer thick- 
ness, and using Arj = Awex, then 
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Thus, the change in the exciton binding energy (A£ex 
= hAu)n) is directly proportional to th/> change in the 
phonon frequency ( At^ph) with layer thickness. Here, 
Eini corresponds to the polaron energy*®^-2^5 wju^h 
from the fluorescence spectra of PTCDA MQWs. is 
found to decrease with layer thickness. This indi- 
cates that the exciton in the tJtrathin layer induces 
a smaller lattice distortion in the thinnest films. 
However, Haskal^^s f^^^j ^^^^ ^^^^ 

for PTCDA is -25% of the value predicted by eq 4,21 
(the measurement is shown by the solid line, Figure 
4-9). Since E,^^ ^ (c.f., eq 4.20), this unexpectedly 
small value of suggests that the dipole moment 
decreases by -10*70 as the layer thickness is de- 
creased from 500 to 10 A. Since /i is proportional to 
the exciton radius, this implies that a is also de- 
creased by a similar amount as a — 0. This reduction 
m radius is a consequence of confinement of extended 
exciton states in the thinnest layers.^^* 

4.3. Optical and Electronic Properties of Other 
Organic Multilayer Systems 

Since the first demonstration of the growth of an 
organic MQW structure using ultrahigh vacuum 
deposition,23 there have been numerous studies on 

thegrOWth2^'^J^-^^-139.l41-143j46J4«-151.163.176.183.1S4.204.246 

and theory25-2^ >'« 218.220.221.247-251 of multilayer struc- 
tures aimed at understanding and exploiting their 
unique optoelectronic properties. A considerable 
interest in hybrid organic/inorganic heterostructures 
and MQWs has also developed for similar rea- 
sons.^^-i^5.i59.i6c.i89.i9o ^^13 ^^^^-^^^ summarize 

results of studies which have been directed at un- 
derstanding the physics of fundamental excitations 
in organic nanostructures other than the very well 
characterized perylene and naphthalene-based sys- 
tems discussed in sections 4.1 and 4.2. 

Quantum confinement has also been used^**^ ^46 ^ 
explain blue shiRs with decreasing layer thickness 
in the optical absorption and fluorescence spectra of 
self-assembled ultrathin alternating bilayers of the 
conjugated copolymer, poly(l,4-phenylenevinylene<o. 
A3-naphthylenevinylene), or co{A3-NV) and the 
nonconjugated insulating polymer, poly(styrene-4- 
sulfonate), or SPS. In that work, both A^ = 1,4 and 
A3 = 2,6 copolymers with differing concentrations 
of naphthalene were employed. The copolymer units 
facially stack when deposited by self-assembly fit)m 
solution onto ultra-smooth, float glass substrates in 
a layer-by-layer fashion. The facial stacking results 
in significant .t system overlap, and hence carrier 
delocalization, in the substrate-normal direction (i.e., 
perpendicular to the polymer chain axis). By varying 
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Figure 4-25. Photoluminescence spectra of self-assembled 
multilayers as a function of the number of bilayers» n. (a) 
20% co-{2.6-NV)/SPS, fb) 20% co-(l,4-NVVSPS. and (c; 20% 
co-(2,6-Nyy(SPS+0.4M CaClo). For comparison, the spectra 
of 1000 A thick spincast films is also shown in a and b. 
Note the blue shift as n is decreased for these latter films. 
Also, note that by addition of CaCb (curve c>, the PL 
spectra are independent of assembly thickness (from ref 
150). 

the naphthalene concentration in the copolymer, and 
the number of bilayers in the assembly, an ultrathin 
layer bounded by air and glass on the opposing 
surfaces forms the resulting potential well of "infi- 
nite" depth to the trapped excitons. Typically, the 
thickness of each co(il,B-NV)/SPS bilayer was be- 
tween 12 and 16 A, again dependent of the naphtha- 
lene concentration in the co(^3-NV). Since the well 
consists of a collection of bilayers, it was assumed 
that the insulating SPS was sufficiently thin such 
that it did not present a significant timneling barrier 
to the charge carriers (holes) with allowed states in 
the copolymer layers. 

Systematic blue shifts with decreasing layer thick- 
ness in both the photoluminescence and absorption 
spectra of co(y\3.NVVSPS bilayer assemblies were 
observed. The photoliuninescence peak shift is clearly 
apparent in the series of spectra shown in Figure 4-25 
for samples of different compositions and number of 
bilayers in). In Figure 4-26, the peak shift; (AE) is 
plotted as a function of 1/cP, where d is th total 
assembly thickness between air and the glass sub- 
strate. The binding energy of excitons confined in 
an energy well of infinite depth is increased by: A£ 
= hVSd^m*, where h is Planck's constant, and the 
reduced effective mass, m* is 1/m* = Vm^ + 1/mh. 
In PPV-like polymers such as co(A3-NV), » mn. 
Hence, straight line fits to the data in Figure 4-26 
yields the hole effective mass, which is foxmd to range 
from 0.06mo to 0.09mo for naphthalene in co(A J5-NV), 
with the naphthalene concentration ranging from 1% 
to 20%. respectively. Given that the fits to the data 
using this simple confinement model are quite good 
for bilayer assemblies of thickness rf > 40 A using 
values of effective hole mass which are consistent 
with those found for PPV-like materials, it was 
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Figure 4-26. Photoluminescence peak shift vs 1/<P for 
various co-( 2. 6- NVVSPS and co-( 1,4-NV)/SPS assemblies. 
The shift is measured with respect to the peak position for 
thick assemblies. Here d is the assembly thickness mea- 
sured using X-ray reflectivity data (from ref 150). 

concluded^^**^^® that the observed spectral shifts 
result from changes in the exciton binding energy due 
to the presence of energy barriers surrounding the 
polymer layers, similar to the case of PTCDA/NTCDA 
multilayer assemblies. 

As a test of this hypothesis, the thickness of the 
insulating spacer layers between the conducting 
layers was varied. When the spacer layer thickness 
exceeded ^40 A, the spectral shifts in the absorption 
spectrum were not observed. This suggests that with 
sufficiently thick layers, there is poor delocalization 
of the excitons along the stacking direction, thereby 
eliminating the expected thickness dependence in the 
abs rption and emission spectra. That is, when the 
spacer layers are thin (-^20 A or less), confinement 
is determined by the entire stack, and not solely by 
the thickness or even the flatness of a particular layer 
in the stack.^^^ Furthermore, by comparing spectra 
from both bilayers and multiple bilayer copolymer 
assemblies, molecular conformational effects were 
eliminated, suggesting that the blue shifts observed 
are indeed the result of exciton delocalization along 
the bilayer assembly stacking direction (i.e., normal 
to the substrate plane). 

More recently, confinement along the chain axis 
has also been claimed^ for the conjugated block 
copolymer, TBA-4 (consisting of poly(2,5 benzox- 
azole)-6/ocife-poly(p-phenylene benzobisthiazole>-6Zoc^- 
poly^2,5 benzoxazole)). In this case, confinement is 
induced by the HOMO-LUMO gap differences (es- 
timated as O.leV) between the blocks along the chain. 
While this represents a different geometry to that 
off red by planar stacking molecules, in both cases 
charge is localized along one spatial dimension, and 
hence the confinement mechanisms (due to potential 
barriers interposed between wells) are fundamentally 
the same. 

The absorption spectra attributed to excitons in the 
organic thin-film component of organic/inorganic 
multilay r structures consisting PTCDI and MgF2 
have also been observed to shift to higher energies 
with decreasing organic thin-film thickness.**** These 
OMBD grown structures were found to have consid- 
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Figure 4-27, Optical absorption spectra of PTCDI/MgFj 
multilayer structures with varying PTCDI thicknesses. 
Also shown is the spectrum from a single, 1000 A thick 
PTCDI film. Arrows indicate the prominent excitonic peaks 
in the spectrum which shift and change oscillator strength 
with PTCDI thickness (from ref 145). 

erable interface flatness (as determined ly grazing 
incidence X-ray diffraction, see section 3.4.2), for 
PTCDI layer thicknesses ranging from 5 A (or 
slightly more than IML) to 50 A. Blue shifts in the 
lowest energy peak in the PTCDI optical absorption 
spectrum are cleairly observed, as mdicated in Figure 
4-27. FoUowing earlier analyses of PTCDA/NTCDA 
quantum wells,^ Tokito et al.^^ also attribute this 
phenomenon to quantum size effects in the PTCDI 
exciton. However, these authors note that the spec- 
trum of PTCDI-doped MgF2 films also exhibits 
changes when the PTCDI concentration is very high 
(>20%). This observation does not contradict the 
conclusion that quantum size effects are responsible 
for the spectral shifts, since aggregate formation at 
such high PTCDI concentrations is anticipated. Such 
aggregates would form a distribution whose mean 
radius would depend on concentration. Hence, size 
effects are also expected in such composite systems, 
although the spectral changes for the mixtures might 
differ somewhat fi-om the more structurally homog- 
enous, alternating layer structures, as has been 
observed.^** 

In a second series of experiments, Tokito and co- 
workers*** studied CuPc/MgF2 multilayer structures 
(section 3.4.2). While a redistribution of energy 
between spectral peaks in the CuPc Q bands was 
found on varying the layer thickness from 13 to 50 
A, ther were no clear spectral shifts that could be 
attributed to quantum size effects. This finding is 
simUar to that obUined for PTCBI/NTCDA multi- 
layer stacks*^* (see section 4.1.2). In both cases, the 
spectra are due to small-radius, Frenk 1 excitations. 
In the case of CuPc/MgF.», it was speculated *'**'^ that 
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Figure 4-28. Absorption spectra for (a) simple suimnation 
of the spectra for 50 A thick CuPc and NTCDA filmQ: and 
for multilayer films with (b) 50 A per layer and (cK 10 A 
per layer. The prominent spectra features are indicated by 
A, B, and C (from ref 142). 

the energy redistribution is due to the presence of 
two different solid phases of CuPc (known as the a 
and^ forms^J) coexisting in the thinnest layers (--13- 
26 A), with both phases contributing their charac- 
teristic absorption to the total multilayer spectrum. 
To our knowledge, no spatially extended CT states 
have been identified in PTCBI, and hence no quan- 
tum size effects are anticipated, consistent with 
observations for both of these multilayer systems. 

Multiple quantum well structures consisting of 
alternating layers of CuPc and NTCDA, where the 
layer thicknesses were varied from 10 to 50 A were 
also studied. A shoulder near the low-energy peak 
of the CuPc at a wavelength of 700 nm was clearly 
observed Li the samples with the thinnest layers and 
was less pronounced in the 50 A thick layers (Figure 
4-28). Confinement within the organic nanostructure 
tends to increase the oscillator strength of this 
particular feature, which may result from a change 
in the energetics provided by the barriers formed by 
the adjacent NTCDA layers. Note that feature C, 
which is due to a CT exciton within the CuPc 
stack,2^ 255 jg suppressed in the thinnest layers. 

Quantum size effects have also been suggested to 
be the source of shifts in the spectra of ultrathin 
layers of Alqa, a material of considerable recent 
mterest3^-32-25« due to its high electroluminescence 
efficiency when used in organic light-emitting devices 
(OLEDs). Ohmori^*^ observed significant (70 meV) 
blue shifls in the Alqa photoluminescence peak as the 
layer thickness was decreased from 300 to 20 A. In 
these experiments, Alqa was grown in multilayer 
stacks along with equally thick layers of the wider 
HOMO-LUMO gap 'Carrier" material, [iV^'-diphe- 
nyl.A^^'.bis(3-methylphenyl)-l,l'-biphenyl-4.4'-di- 
amine], or TPD. Energy barrier arguments*^® 
were employed to interpret this spectral shift as 
resulting fi^m confinement of electrons of mass 1.5mo 
in 0.9 eV deep, Alqa energy weUs. A qualitatively 
similar explanation^^® was given for shifls observed 
in both the photoluminescence and absorption spec- 
tra consisting of alternating organic/inorganic Alqs/ 
MgF2 structures whose individual lay r thicknesses 
were comparable to those used in the Alqa/TPD 
studies. 

While quantum size effects cannot be ruled out for 
Alqj-based structures, they are not likely to exist due 



to the Frenkel-like nature of xcitons in this mate- 
nai.=25;^ Furthermore, imlike the- perylene- and 
phthalocyanine-based crystalline MQW structures, 
AJqa thin films are amorphous. Hence, we expect 
there to be very little spatial coherence of these 
molecular excited states, further reducing the pos- 
sibility that "macroscopic" layer structures exceeding 
a few Angstroms in thickness can significantly modif>- 
the exciton binding energy. 

An alternative explanation for the spectral shifts 
is that the Frenkel states bind to the Alqa surface at 
the interface with the adjacent layer. The energy 
shift in this case arises from the discontinuity in 
polarizabilities of the two materials.^ Since 
exciton energy, to first order, is proportional to 1/^-, 
we expect that the exciton energy can be either red- 
or blue-shifted from its bulk value, depending on the 
relative diel^rtric constants of the well and barrier 
materials. As discussed in section 4.2, such differ- 
ences in material polarizability have been taken into 
account in describing the energy shifls in systems 
where extended excitonic states have been clearly 
identified. Indeed, to first order, the polarization 
energy difference simply modifies the well depth by 
a factor of and hence these two effects can not 
be independently determined. Thus, to clearly iden- 
tify a spectral shift as due to quantum size effects, 
the spatial dimensions of the exciton of a given 
material must first be determined using independent 
measurement methods such as solution or gas phase 
spectroscopy/^" electroabsorption or electroreflec- 

tance/""-212.213.255.259 

The observations discussed above indicate that 
quantum confinement has been observed in systems 
where spatially extended states arise from close 
intermolecular stacking within a imit cell. While this 
phenomenon is therefore hmited to a class of nearly 
planar organic molecules which can be grown into 
highly ordered structures, ultrathin layers, neverthe- 
less, generally have different optical and electronic 
properties fi^m those found in the bulk material. 
These differences can have several sources, ranging 
from material intermixing,^^^ binding of xcited 
states to the numerous heterointerfaces,^^ ^49 dipole- . 
dipole interactions,26-29.i83.i89.25i chemistry between 
conUcting molecular layers, etc. Hence, the reahza- 
tion of organic/organic and organic/inorganic nano- 
structures is expected to lead to new physical phe- 
nomena which can deepen our understanding of 
molecular organic materials, and should also lead to 
applications which were not anticipated prior to the 
ability to fabricate this new class of structures. For 
example, several recent theoretical studies of organic/ 
organic and hybrid organic/inorganic nanostructures 
suggest that these materials will have unique non- 
hnear optical properties.26;28;2i8.220.22i addition, 
organic multilayers have Been ifound to induce rec- 
tification of injected charge^ and have been shown 
to result in output light polarization when incorpo- 
rated into OLEDs. 261 

One interesting application of organic heterostruc- 
tures is in the enhancement of the collection ef- 
ficiency of photogenexated carriers due to dissociation 
at the numerous, closely spaced heterointerfaces.^ 
A shortcoming of solar cells based on organic materi- 
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Figure 4-29. Photocurrent yield for various VOPc/PTCDA 
multilayer assemblies. The subscript after the layer de- 
scription indicates the number of bilayers in the particular 
assembly. A significant enhancement in photocurrent yield 
is observed as the layer thickness is increased (from ref 
34). 

als (see section 5.2) is that the exciton diffusion 
length is often significantly less than the optical 
absorption length, leading to low {<!%) power con- 
version efficiencies.^^*'-^ Hence, excitons generated 
far from contacts in organic thin film solar cells often 
recombine prior to dissociation, and subsequent car- 
rier collection at the device contacts. While it has 
been shown^^^^" that ordered, OMBD-grown organic 
films can support excitons with very long dif!usion 
lengths (>200 nm) due to the low density of crystal- 
line def cts which act as recombination sites, the 
photocarri r collection efficiency is nevertheless low 
(-1%). 

Arbour et al.^ found that organic photoconductors 
consisting of alternating multilayer stacks of VOPc 
and PTCDA, whose individual layer thicknesses 
ranged from 100 to 940 A, could be used to signifi- 
cantly enhance the photogenerated carrier collection 
efficiency over that obtained using a single layer 
structure. Collection efficiencies of three such struc- 
tures as a function of wavelength are shown in Figure 
4-29. It was observed that the collection efficiency 
in these samples increased linearly with the number 
of VOPc/PTCDA interfaces: an effect attributed to 
the proximity of interfaces at distances comparable 
to the exciton diffusion length. As noted above, the 
heterojunctions in the multilayer photoconductor 
serve as sites for exciton dissociation into electron - 
hole pairs which are subsequently separated by the 
built-in electric fields and collected at the contacts. 
The enhancement in collection efficiency is quite 
pronounced, with an increase in quantum efficiency 
from -0.5% for the thickest layers, to 6% for an 8 
period, 100 A VOPc/100 A PTCDA structure. It was 
also found^ that simply codepositing the two molec- 
ular constituents, VOPc and PTCDA, leads to reduced 
photoactivity from that obtained from pristine, single- 
layer structures. From this, it was concluded that 
the interaction at the heterojunctions of individual 
molecules is not responsible for the observed en- 
hancement. Rather, it is the presence of a structure 
consisting of highly pure, ordered molecular layers 
separated by molecularly flat, nearly defect-free 
boundaries which ultimately improves the carrier 
generation and collection efficiencies in this demand- 



ing application. The increased fluorescence efficiency 
observed in organic multilayer stacks is also a strong 
indication of the lack of dissipative recombination 
sites at the heterointerfaces.^^-^ To our knowl- 
edge, the level of material and structural purity 
required to obtain such a pronounced improvehient 
in photoconductor efficiency has only been obtained 
using organic multilayer nanostructures grown by 
OMBD. 

Photoconductivity enhancements have also been 
observed^^-^^^ in the hybrid organic/inorganic mul- 
tilayer system, CuPc/TiOx. It was suggested that the 
larger electron affinity of TiO, (4.2 eV) as compared 
with CuPc (3.1 eV) acts to collect and conduct charges 
in the TiOjr layers which were originally photogener- 
ated in the adjacent CuPc layer. In these experi- 
ments, multUayers consisting of 50-400 A thick 
CuPc layers were grown between TiOx layers of 
comparable thickness. The growth temperature was 
maintained at 200 "C in order to obtain a-CuPc 
without significant interface roughening. Takada et 
al.^^^ observed that the photoconductivity of the 
multilayers at high incident optical flux {^100 mW/ 
cm^) was 40 times larger than that obtained for CuPc 
single layer samples, with the 400 A thick CuPc 
samples exhibiting the largest photoconductivities. 
This increase was attributed to a two-step process, 
beginning with exciton generation in the CuPc upon 
absorption of the incident light. Next, the excitons 
either dissociate at O2" trap centers induced on 
growth of the TiOx films (which occurs in the presence 
of an oxygen plasma), or they diffuse to a nearby 
CuPc/TiOx heterointerface where dissociation can 
also be promoted. Once the free electrons are pro- 
duced, they drift into the high electron affinity, 
relatively high mobihty TiOx and then to the contacts 
at the device periphery. The decrease in carrier 
collection efficiency at lower incident optical fluxes 
is possibly due to the presence of interface defects 
which act as recombination centers for both excitons 
and free charges. 

4.4. Implications and Applications of Exciton 
Confinement in OMCs 

We have shown that accurate methods to analyti- 
cally treat CT excitons in tightly packed neutral 
molecular crystals have been developed to describe 
several different spectroscopic features of vacuum- 
deposited organic nanostructures. It was found that 
closely packed organic crystals are characterized by 
a large overlap between the orbitals in adjacent 
molecules, resulting in derealization of the CT 
charge pair. In this case, the crystalline pseudopo- 
tential (or the on-site correlation energy) becomes 
comparable to or even larger than the energy band- 
width, with the consequence that the CT exciton can 
be represented by a hydrogen-like wave function. 

Using a Hamiltonian modified to account for the 
calculated molecular polarization and suitable hy- 
drogenic trial wave ftinctions, the electroabsorption 
data for homogeneous PTCDA thin films, as w 11 as 
the absorption spectral shifts observed in PTCDA- 
based multiple quantum wells was accurately fit, 
further testing the picture of an extended CT state 
in certain OMCs. The analyses of such experiments 
give independent and consistent estimations of the 
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• fexciton radii for PTCDA along diflerent crystal axes. 
This treatment was extended to other exciton sys- 
tems found in a wide range of interesting neutral 
organic molecular and inorganic semiconductors (such 
as GaAs), suggesting that Wannier and CT excitons 
have a common physical origin which can be ap- 
proximated by a hydrogenic wave function. This 
provides conclusive evidence that PTCDA and simi- 
larly close packed molecular compounds such as'*^ 
BTQBT and possibly even Ceo and its analogs^^^ form 
an important "transivional" class of materials that 
share many properties with both conventional semi- 
conductors and insulator-like organic molecular crys- 
tals. ^ 

While these results can be easily generalized to 
explain a variety of observations of the optical 
properties relating to the layer thickness or aggregate 
size of both organic and inorganic nanostructures, 
they also provide a new viewpoint with which to 
consider vdW-bonded solids represented by the ar- 
chetype compound: PTCDA. The broad and rich 
range of physics developed for understanding quan- 
tum confinement in inorganic semiconductors which 
has ultimately led to the precise control and manipu- 
lation of their densities of states to attain desired 
optoelectronic properties, appears to be equally ap- 
plicable to organic nanostructures provided there is 
sufficient charge de localization resulting ft-om details 
of the crystal structure. In that sense, "transitional" 
materials such as PTCDA and related compounds 
have bridged the gap between highly delocalized 
semiconducting systems and insulators. 

Indeed, H has already been found that multilayer 
structures exhibit new properties beyond those ex- 
hibited in conventional, homogeneous thin films. 
Multiple phases and mixtures of compounds have 
been identified for both organic/organic and organic/ 
inorganic multilayers with interesting optical proper- 
ties. In two cases,^^ an increase in photoconduc- 
tivity of the multilayers as compared with single film 
structures has been found, suggesting that these 
types of engineered materials may eventually find 
application in solar energy conversion. The observa- 
tion of quantum confinement in MQWs consisting of 
closely packed OMCs^* also suggests that these 
structures can be used to tailor the electronic densi- 
ties of states of the constituent materials. Following 
the example of inorganic semiconductor structures, 
the density of states in the reduced dimensionality 
of MQWs is useful for, among other applications, 
decreasing laser threshold cxirrent.^^ Hence, one 
potential application of organic MQWs may be in the 
realization of organic solid-state current injection 
lasers with reduced threshold currents (and thus 
reduced power dissipation and longer operational 
lifetime). 

These represent only a few of the interesting 
physical and technological possibilities opened up by 
the recent achievem nt of both organic and organic/ 
inorganic (hybrid) multilayer nanostructures in sev- 
eral laboratories worldwide. In the following section, 
we will briefly discuss a few practical optoelectronic 
devices which have recently been demonstrated based 
on high-purity, vacuum-deposited organic thin films. 



5.0. Applications of Thin-Film Structures Grown 
in Vacuum 

A primary motivation for the extensive research 
over the last several years concentrating on the 
growth and physics of vacuum-deposited organic thin 
films is their very real potential for use in applica- 
tions which are not accessible to more conventional, 
inorganic semiconductors. Indeed, the recent dem- 
onstration of efficient electroluminescence from or- 
ganic thin-film devices^*-*- promises to transform 
the flat panel display industry, with the potential cf 
replacing liquid crystal displays with an entirely new 
generation of efficient, emissive, fiill-color flat panel s 
based on light-emitting organic devices. In more 
recent developments, organic thin films are showing 
promise for use as thin-film transistors^^^"^"° which 
might eventually replace amorphous or polysilicon 
TFTs currently used in the back planes of active- 
matrix liquid crystal displays (AMLCD). These new 
developments must also be placed in the context of 
long efforts and progress which has been directed at 
employing organic thin films for solar energy conver- 
siQj^2027i gj^j sensors of various kinds. Finally, 
vacuum-deposited OMCs have also been proposed as 
materials with large second- or third-order optical 
nonlinearities,^s^6-28J60.2i8.220.22i.272-2:9 jg^g^ ^3. 

There are, in addition, many, somewhat less conven- 
tional uses of organic thin films deposited in vacuum, 
including waveguides and optical couplers,^^-^^-^®*^^^! 
organic/inorganic photodetectors,^ lasers, etc. 

The primary attraction of OMCs is their potential 
low cost and the extreme flexibility which the device 
engineer has in choosing a material whose properties 
have been specifically tailored to meet the needs of 
a particular application. The materials are easily 
integrated with conventional semiconductor devices, 
thereby providing additional functionality to existing 
photonic circuits and components. This potential, 
however, must be balanced against the problems 
which have traditionally impeded the acceptance of 
OMCs for use in active electronic or optoelectronic 
device applications. These problems include unstable 
device characteristics, sensitivity to adverse environ- 
ments (e.g., temperature, humidity, oxygen, etc.), 
nonideal metal/organic contacts, and lack of repro- 
ducibility of material composition, purity, and fabri- 
cation conditions. From the foregoing discussi n on 
OMBD of molecular organic thin films, it is clear that 
the ultrahigh-vacuum environment characteristic of 
this deposition process can provide the necessary 
material purity and structural and chemical repro- 
ducibility necessary in modem, high-performance 
optoelectronic device applications. While the costs 
and complexities associated with UHV deposition 
processes may offset the attractive (but possibly 
misleading) "simphcity" often attributed to organic- 
based devices, it is clear that the advantages in 
performance of such structures outweigh these ap- 
parent disadvantages. Furthermore, while purity 
and structural precision are key to the ultimate 
success of all optoelectronic device technologies, it is 
not clear how sophisticated the OMBD system must 
be to achieve acceptable device performance. At this 
point, OMBD serves as our most powerful tool for 
investigating the detailed growth and physical char- 



acteristics of OMCs, and hence will ultimately be able 
to address questions regarding the need for UHV in 
the production of practical display, transistor, NLO, 
or other molecular organic thin-film device applica- 
tions. 

In this section, we briefly review several potentially 
important applications where OMCs have been used 
to improve upon or expand the functionality of the 
device beyond that which can be achieved using 
conventional, inorganic semiconductors. Indeed, 
rather than focusing on all the many areas where 
OMCs have proven to have properties amenable to 
practical application, we concentrate here on those 
applications where the use of OMCs may transform 
current device technology by providing a significant 
advantage over present methods. This section will 
therefore describe the use of OMCs in organic/ 
inorganic f 01) semiconductor heterojunction devices, 
s lar c Us, organic light-emitting devices (OLEDs) 
and lasers, and thin-film transistors (TFTs). The 
discussion is by no means intended to be encyclope- 
dic, but rather should provide a useful introduction 
to the state-of-the-art of some of the most important 
current and future devices based on vacuum-depos- 
ited organic molecular thin-fUm materials. 

5.1. Integrated Organic-on*inorganic 
Heterojunction Devices 

The first demonstration^ of an organic/inorganic 
semiconductor device employing a vacuum deposited 
thin film consisted of a 1000-2000 A thick PTCDA 
film on flOO) p-Si (see inset, Figure 3-52). The 
contact between the organic and inorganic layers 
forms a rectifying heterojunction (or organic-inor- 
ganic heterojunction, OI-HJ). Given the p-type na- 
ture of PTCDA, when deposited on a p-type semi- 
conductor substrate an isotype heterojunction is 
formed, whereas an anisotype heterojunction is formed 
on an n-type substrate. These OI-HJ devices have 
been shown to be useful in the nondestructive map- 
ping of the free-carrier concentrations in the inor- 
ganic substrates. Indeed, rectifying OI-HJ contacts 
have been successfully demonstrated for this purpose 
on a wide range of group II-VI, III-V, and IV 
semiconductors^®^"-^ using a variety of organic thin- 
film materials.3^-^ J^o-^3.287.288 j^gy ^ave a very high 

revers breakdown voltage and low dark currents 
Determined by the properties of the inorganic sub- 
strate rather than the organic thin film itself. This 
allows for depletion of the free carrier distribution 
deep into the substrate by application of large reverse 
^'oltages. Employing conventional capacitance-volt- 
age profiling of the free carrier concentration in the 
substrate, this parameter is obtained as a function 
of depth into the semiconductor.^-^^-^®^^ Once the 
free carrier concentration is obtained, the organic 
thin film and contacts are nondestructively removed 
from the semiconductor surface (e.g., by dissolving 
PTCDA in a high pH solution), allowing for further 
use and processing of the characterized material. 
Furthermore, the nondestructive deposition of the 
organic film onto inorganic substrates has been 
shown to be a means for quantitatively determining 
the electronic surface state density distribution of the 
substrate.'-" Surface states are known to 
govern the properties of many semiconductor devices 
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Figure 5-1. Proposed energy band diagram of an OI-HJ 
consisting of PTCDA on an inorganic semiconductor sub- 
strate. In this diagram, €g is the semiconductor energy gap, 
<f>B is the heterojunction LUMO/cond action band barrier 
potential, and dss is the thickness of a layer at the 
semiconductor surface. Inset: Proposed densities of states 
at the OI-HJ interface (from ref 63, p 199). 

such as metal -insulator-semiconductor (MIS) de- 
vices and surface-passivated rectifiers and transis- 
tors. Hence, obtaining detailed characteristics of the 
semiconductor surface is a crucial first step in the 
process of fabricating high-performance devices. The 
noninvasive crganic/inorganic H J contact has there- 
fore proven to be an extremely usefi^l new tool in 
obtaining the 'characteristics of electrically active 
defects at semiconductor surfaces, which have oth- 
erwise not been possible to obtain using conventional 
analysis techniques which tend to be more destruc- 
tive of the fragile, as grown surface properties. 

The OI-HJ can be understood in terms of the 
energy band diagram" in Figure 5-1. In this case, 
PTCDA is in contact with an n-t)rpe semiconductor 
substrate. This diagram illustrates an "optical band- 
gap" between the HOMO and LUMO levels of 2.2 eV, 
along with the relatively smaller bandwidth charac- 
teristic of the organic material. The heterojunction 
energy offset, </^, controls the injection of charge from 
the metal/organic contact {which is found to be nearly 
ohmic for many metal/organic systems such as In/ 
PTCDA) into the semiconductor substrate. Also 
shown is an interface region of thickness da» which 
is due to the thin native oxide that typically exists 
at the semiconductor surface. This interface region 
is a source of charge of density D,. due to dangling 
bonds at the semiconductor surface (see Figure 3-50), 
These surface states can exist at the as-grown (or 
intrinsic) semiconductor surface, as well as at sur- 
faces exposed to atmosphere, as is typically the case 
for OI-HJ devices. The presence of the energy 
barrier, results in the rectification of current by 
the OI-HJ. In reverse bias (i.e., where the substrate 
is at a positive potential relative to the metal contact), 
the carriers must overcome the barrier potential. 
Under forward bias, the carriers are injected from 
the substrate into the organic thin film, which 
ultimately limits the current due to the small mobili- 
ties iM < I cmW-s) typical of ordered molecular 
materials such as PTCDA. The current-voltage 
characteristics of the OI-HJ are described by eq 
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Table *9. 'Barrier Ener^es for 'PTCDA-on- Inorganic 
Semiconductor Diodes (From Ref 171) 



inorganic 
substrate 



majority 
carrier type 



Si 

Ge 
GaSb 

GaAs 

InP 



n 
P 
P 
P 
n 
n 

P 
n 



0.39 ± 0.01 
0.56 ± 0.02 
0.30 ± 0.03 
0.37 
ohmic 
0.39 
0.52 
0.30 



0.50 ± 0.02 
0.25 = 0.04 
0.29 T 0.04 



0.43 ± 0.05 



° A£» for p-type substrates only. For these calcuJations m* 
= mo for PTCDA. The value for p>-Si is measured, whereas 
for other materials^ AEv is calculated using ^ obtained from 
ref 284 and reproduced here. Doping of p-Si ar.H p-GaSb: 5 
X 10'^cm-3;p-G€: 5 x 10'^ cm'^; and p-GaAs: 2x 10-- cm -3. 

(3.14), where the saturation current, Jao is determined 
by the barrier height*'^ viz. 

Jso = igNM/a + (v,yv^)] exp(-(7^/*D (s.i) 

Here, Ncs is the semiconductor effective conduction 
band density of states, (i;c) is the mean carrier velocity 
in the organic semiconductor (^500-1000 cm/s for 
PTCDA), and is the diffusion velocity in the 
inorganic substrate. The barrier height can be 
inferred from the ciurent-voltage characteristics of 
the OI-HJ device, or can be measured directly using 
internal photoemission.^^^ Barrier heights (<fe) have 
been obtained for PTCDA on various p-type group 
IV and III-V semiconductor substrates'"^ and are 
listed in Table 9. From <^p, we can derive the energy 
offset (A£^v^ between the HOMO and the valence band 
of the semiconductor using A£v = q<pBp + As - Ao, 
where As and Ao are the energy differences between 
the equilibrium Fermi levels in the bulk of the 
inorganic semiconductor and the organic thin film, 
respectively. Values of A£v for several PTCDA/p-type 
inorganic semiconductor systems are also listed in 
Table 9. 

It has been found that the characteristics of OI- 
HJ diodes follow the ideal expression in eq 3.14, 
exhibiting a nearly exponential increase in cxirrent 
with voltage in the forward biased direction (Figure 
5-2) lintil the mobility-limited internal organic film 
resistance results in a decrease in current at high 
voltages.*^' In contrast, the reverse-biased charac- 
teristics (Figure 5-3) are limited by dark current 
generation in the inorganic semiconductor, until the 
electric field at the OI-HJ becomes sufficiently large 
to induce avalanche breakdown in the substrate.^^ 
Other, less ideal sources of dark current and high 
voltage breakdown can also be observed, depending 
on the characteristics and quality of the substrate 
material. However, when the applied electric field 
is sufficiently high to induce avalanche, such as is 
the case for the PTCDA/p-Si device in Figiu^e 5-3, 
large photocurrent mxiltiplication can be observed. 
In the device shown, photogenerated electron mul- 
tiplication in the p-Si substrate exceeds 100. 

These results indicate that OI-HJ devices can be 
used as photodetectors which are both simple to 
fabricate and have performance characteristics com- 
parable to or better than that obtained using con- 
ventional inorganic semiconductor devices. An in- 
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Figure 5-2. (a) Forward current- voltage characteristics 
of an In/2000 A PTCDA/p-Si OI-HJ device measured at 
several different temperatiu'es (from ref 65). (b) Saturation 
current density vs l/T for the diode in a. The solid line 
represents a best fit to the data, giving a barrier diffusion 
potential of <^p = 0.56 V {from ref 171). 
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Figure 5-3. Reverse current vs voltage characteristics of 
In/PTCDA/p-Si de\ices obtained at room temperature. 
PTCDA thicknesses of d = 100 and 2000 A were deposited 
on 10 Q cm p-Si substrates. Also shown is the photocurrent 
multiplication factor for the devices (from ref 37). 

teresting example of this application is an PTCDA/ 
p-Si photodetector where the metal top contact was 
replaced by a sputter-deposited, transparent indium- 
tin-oxide (ITO) hole injecting contact.^^^ jj^g device 
could be reverse biased into avalanche breakdown, 
exhibiting imiform gain characteristics in the pres- 
ence of very low primary dark currents (6 //A/cm- ) 
even at high reverse voltages (>50 V). The band- 
width of the device was ultimately limited by the hole 
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Figure 5-4. (a) Cross-sectional diagram of a self-aligned 
organic-on-inorganic semiconductor transistor (OISTR) 
employing a 500 A thick layer of DM-PTCDI to form a 
contact barrier to the ion implanted, InP substrate, (h) 
Drain current characteristics of the OISTR (horizontal 
scale, 1 V/div; vertical scale, 5 mA/div; gate voltage step. 

0. 5 VKfrom ref 297). 

transit time across the PTCDA layer. By making this 
layer very thin (^100 A), band widths exceeding 500 
MHz are possible using such structures. 

To be practical, it is essential that OI-HJ diodes 
be stable over long periods when exposed to adverse 
environmental conditions such as elevated temper- 
atures and high humidity. Prabhakar et al.^ dem- 
onstrated both photolithographic patterning and 
environmental passivation of an OI-HJ diode using 
a relatively low temperature (125 *C) pyrolytic pro- 
cess to deposit a Si02 encapsulating layer onto the 
organic surface. The dark current characteristics 
under reverse bias of the resulting diodes were 
measured as a fimction of time and temperature. The 
devices were found to be stable up to temperatures 
as high as 100 **C over extended periods (>3000 h). 
These results suggest that molecular organic materi- 
als can be patterned and passivated using photo- 

1. thographic techniques adapted for this purpose and 
that many organic materials have physical charac- 
teristics which are compatible with applications 
where elevated temperatures are required.^^ 

Indeed, devices with very small patterns such as 
optical modulators'^ and narrow gate (^2 fim) OI- 
HJ transistors based on OMC/InP contacts^* have 
been demonstrated using patterning techniques de- 
veloped specifically for their compatibility with the 
chemistry and physical properties of molecular or- 
ganic materials. A cross section of the transistor 
structure and its drain current characteristics are 
shown in Figure 5-4. The problem of micropatteming 
of the 1 .5 «m gate contact was solved by creating an 



undercut pattern in the substrate, which provides for 
a "self-aligned** structure. The fabrication proceeded 
as follows:^" After ion implantation of the semiin- 
sulating (100) InP substrate to form the channel and 
contact regions, a SiaN* mask was deposited by 
plasma-enhanced chemical vapor deposition (PECVD). 
This mask was photolithographically patterned to 
open areas for the gate, source and drain contacts. 
After standard metal deposition of the source and 
drain, an etchant was used which selectively exposes 
the (111) planes of InP tilted at 54* to the substrate 
normal while undercutting this pattern beneath the 
Sx^Na mask. This undercut etched groove provides 
the pattern for the organic thin film deposition. In 
this case, 7V^-dimethyl-3,4,9,10-perylenetetracar- 
boxylic diimide (DM-PTCDI) was deposited at an 
angle such that it covered regions underneath the 
overhang. Finally, the gate metal (In) was deposited 
with the wafer positioned perpendicular to the metal 
beam flux to ensure the metal did not short to the 
substrate. These narrow gate transistors had excel- 
lent output characteristics as shown in Figure 5-4b. 
For example, the transconductance was^m ~ 30 mS/ 
mm, comparable to that obtained with conventional 
InP FETs. The bandwidth of such OI-HJ devices is 
ultimately limited by the carrier transit time across 
the thin organic layer. In practice, this can exceed 
1 GHz for 100 A thick, ordered films.2»2 More 
significantly, the devices showed no indication of 
drain-cnrrent instability (or **drift") commonly ob- 
served in InP metal-insulator-semironductor de- 
vices.^® The oreanic heterojunction also enhanced 
the gate barrier height (0.54 eV) over most metal - 
semiconductor contacts (where the barrier height of 
most metais to INP is only ^0.4 eV), thereby greatly 
reducing gate leakage. In effect, the use of OI-HJ 
gates significantly improved the device performance 
over that which could be obtained *asing conventional, 
aU-inorganic materials systems. 

It was noted above that one of the attractive 
aspects of molecular organic thin films is their ability 
to be nondestructively integrated with inorganic 
semiconductor devices. One example device, dis- 
cussed in section 3.3.2.4, is a recently demonstrated 
molectilar organic waveguide coupled to an 
Ino.53Gao.47As photodiode for use in optical com- 
munications systems,^ and shown schematically in 
Figure 5-5. In this device, a PTCDA waveguide is 
grown on a previously vacuum-deposited and pat- 
terned amorphous Teflon ridge on the (100) surface 
of an InP substrate held at Tsub = -100 during 
growth. Amorphous Teflon was employed as the 
waveguide buffer since its index of refraction (n = 
1.15-1.30) is lower than the PTCDA index either 
perpendicular (ni = 1.36) or parallel inn = 2.1*^) to 
the substrate,*"* allowing for propagation of light 
independent of polarization direction. The waveguide 
width was varied between 4 and 20 //m. A second, 
vacuum-deposited Teflon buffer layer was deposited 
onto the PTCDA surface, thus completing the 
waveguide. The waveguide was butt-coupled into the 
In© wGao 47AS optical absorption region in a reverse- 
based, planar p-i-n photodiode with sensitivity 
extending to a wavelength of A = 1.65 urn. Waveguide 
losses between 2.7 and 4.6 dB/cm were measured. 
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with the higher losses corresponding to the narrowest 
guides due to optical out-coupling at the rough 
waveguide edges. 

The most interesting feature of these guides is that 
they were polarization preserving. ^^^'^ That is, if 
polarized light is launched at the waveguide input, 
the output polarization after propagation along a 0.5 
cm long guide remains in the same direction as at 
the input. Since the optic axis (indicated as the **c" 
axis in Figure 5-5) of the OMC has a unique orienta- 
tion with respect to the PTCDA unit cell, this lack of 
polarization rotation indicates that the c axis lies in 
the waveguide x-z plane. This, coupled to the 
relatively low loss of the waveguides, suggests that 
the growth and fabrication conditions used in pro- 
ducing these integrated devices result in molecular 
alignment and smooth surface morphologies over 
extended 1 cm) distances for QE-grown films. This 
unique aspect k.{ OMCs grown by OMBD can lead to 
novel applications such as the edge-coupled inte- 
grated waveguide/photodetector shown in Figure 5-5. 

52. Organ ic Solar Cells 

It has long been recognized that thin-film OMCs 
have promise for solar energy conversion due to the 
potential for very low cost manufacture of solar cells 
employing such materials.^ In particular, crystalline 
organic semiconductors such as the Pc's, perylenes 
and other relatively low molecular weight polyacenes 
have been identified as having the greatest potential 
for this purpose due to their ability to be controUably 
deposited via OMBD and other more conventional 
vacuum techniques, their relatively high purity, 
environmental robustness, and high mobilities (hence 
relatively low series resistance). ^^^'^-^^'^^^ More 
recently, solar cells employing these materials in 
combination with Ceo have also been explored^"^^^ 
for many of the same reasons. In spite of consider- 
able research in both bUayer organic p-n junction 
and Schottky barrier crystalline organic photovoltaic 
(PV) cells over the past 20 years, however, there has 
yet to be a demonstration of a cell whose character- 
istics are adequate for even the most undemanding 
of solar conversion applications.^** Their poor per- 
formance can be ascribed principally to the following 
causes: (i) Due to the intrinsic nature of photocon- 
ductivity in crystalline organic materials where fi-ee 
electron-hole pairs are generated in a second-order 
process following absorption and exciton generation. 



the efficiencies realized to date are low (typically < 1^ 
for AMO to AM2 iUumination). (ii) Due to the limited 
;r-orbital overlap between adjacent molecules in an 
organic crystalline stack and due to the numerous 
defects in the crystalline order in the deposited 
materials, the fi-ee carrier mobilities in many organ- 
ics are low (typically < 10"^ cm^/(V s)). This leads to 
high film resistance, and hence low power conversion 
efficiency, (iii) The exciton diffusion length (Ld) is 
typically considerably shorter than the optical ab- 
sorption length, l/oL, where a is the absorption 
coefficient (see section 4.3). Hence, the exciton is 
often photogenerated far fi"om an interface where 
dissociation into ft^ee carriers can occur, leading to 
recombination and a concomitant loss in quantum 
>aeld. (iv) A final consideration is one of environ- 
mental stability of the organic thin-film materials, 
and in particular the stability of the intramolecular 
bonds to prolonged exposure to ultraviolet radiation. 

While these problems currently prevent the real- 
ization of fully organic, low-cost PV cells, significant 
advances in OMBD growth and processing of molec- 
ular organic thin-film devices made by researchers 
worldwide suggest that such materials may eventu- 
ally find practical application for low-cost solar 
energy conversion. As discussed in section 4.3, MQW 
structures can significantly increase the quantum 
yield and carrier diffiision lengths in organic materi- 
als. Indeed, extending the photoactive region width 
by inserting multiple junctions, each of thickness -^1/ 
a, represents a recent, promising approach made 
practical due to the uniformity control inherent in 
OMBD growth.^ Furthermore, the same films grown 
with a high degree of stacking order (e.g., those based 
on perylenes and Pc's), typically also have enhanced 
;r-orbital overlap, thereby increasing carrier mobility 
with its concomitant decrease in bulk layer resis- 
tance. 

There are two basic solar cell structiu-es: the metal/ 
organic Schottky-type cell, and the fully organic 
bilayer cell which employs two ohmic metal contacts. 
The Schottky cell consists of a light-absorbing organic 
film sandwiched between two metal contacts: one 
rectifjdng and the other ohmic. For a p-conducting 
organic material, the Schottky contact consists of a 
low work function metal such as Al. Mg, or In, 
vvhereas for n-conductivity films, a high work func- 
tion metal such as Au is preferred. Charge separa- 
tion is induced by exciton dissociation in the space- 



charge region due to the built-in electric field at the 
rectifying contact, which therefore requires that 
optical absorption occur in this "photoactive" region 
as well. A photoactive region width of -^200-400 A 
is typical. 

In the bilayer cell, charge separation occurs at the 
organic heterojunction whose built-in potential is 
determined by the size of the HOMO-LUMO gap 
energy differences*^ between the contacting materi- 
als. The HOMO offset is equal to the difference of 
ionization potentials (IP) of the two contacting ma- 
terials, and the LUMO offset is equal to the HOMO 
offset plus the difference in HOMO-LUMO gap 
energies (Eh-O of the two materials. To avoid 
creating barriers at the organic heterojunction which 
imp d carrier transport, it is necessary for the 
material with the larger hole mobility to also have a 
larger IP and IP - ^h-l (i.e., the electron afTmity) 
than the high electron mobility material. Absorption 
can occur in either of the two organic films, thereby 
d ubling the photoactive region width where optical 
absorption can result in efficient charge separation 
by the built-in field. Note that it is not important 
whether a **p-n"-like junction or a simple isotype (i.e., 
p-P or n-N) heterojunction is employed, since it is 
only the diffusion potential created at the hetero- 
junction due to the HOMO-LUMO gap offsets that 
is effective in carrier drifl. 

Whether or not an organic material shows p-type 
or n-type character depends only on the background 
free carrier concentration of the material, which is 
primarily a function of unintentional doping by 
defects or impurities.^^-^*^ These impurities then 
determine the position of the Fermi energy within 
the HOMO-LUMO gap. A much more significant 
feature of an organic semiconductor (which is inde- 
pendent of Fermi energy depth in the gap) is whether 
electrons or holes have a higher mobility. Unlike the 
free carrier concentration, this is an intrinsic feature 
of the organic material, determined by the crystal 
symmetry and periodicity which provide a higher 
overlap of HOMO (LUMO) levels in adjacent mol- 
ecules, giving rise to a higher hole (electron) mobil- 
ity .''^ Indeed, sometimes the chemical character of 
the molecule itself is not the most important consid- 
eration in determining this overlap. For example, the 
anhydride groups in PTCDA have a strongly electron 
donor character. However, molecular orbital calcula- 
tions of the molecule show that the frontier orbitals 
for this model compound are on the perylene core, 
while the anhydride orbitals are located deep in the 
LUMO band, thereby contributing little to the elec- 
tronic conduction properties of the crystalline PTCDA 
f.lm.^^^ Current conduction experiments indicate 
that the hole mobility of PTCDA exceeds that of the 
electron mobility by several orders of magnitude, 
suggesting the importance of band structure in 
ultimately determining the carrier conduction prop- 
erties of a material.^'2 This distinction between 
majority carrier type and mobility is very often 
misunder.^^tood by the organic thin-film device com- 
munity. Hence, the assignment in the literature of 
a material as "n" or **p" type to explain solar cell 
behavior must be viewed with caution. It has been 
shown that isotype heteroj unctions formed between 
materials of the same conductivity type can equally 
well lead t(» excellent diode properties, and can be 
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Figure 5-6. Schematic diagram of the photoconductivity 
process in organic thin film solar cells. 

used to fully quantitatively explain the forward and 
reverse biased characteristics of such rectifying junc- 
tions.^ ^^^-^'^ Hence, the most reliable data available 
concern materials where mobility and conductivity 
measurements have been independently measured 
using such techniques as the analysis of metal - 
organic Schcttky barrier conduction, and time of 
flight measurements.^' 

Low quantuiT> }^eld (rj) in organic PV cells is 
attributed to the intrinsic nature of the photocon- 
ductivity process, illustrated in Figure 5-6. The 
absorbed solar energy first results in the efficient 
generation of excitons in the film bulk^*® (described 
by the process So + /iv — So*, where So and So* denote 
the molecular ground and excited states, respec- 
tively). Subsequently, the exciton drifts to a contact, 
impurity, interface or other inhomogenity within the 
structure (denoted M), at which point it dissociates 
into a free carrier pair (via So* -f M — e" + h"), or 
alternatively, suffers recombination. The recombina- 
tion process accounts for a loss of roughly 95*^ to 99*?^ 
of the excitons. Although exciton ionization is not 
fully understood, jg often attributed to dissocia- 
tion in the presence of the built-in electric field 
surrounding the crystal defect. If this dissociation 
occurs in an otherwise neutral region of the film, the 
phctogenerated free electron -hole pair may remain 
localized within the vicinity of the defect where they 
recombine without being collected in the external 
circuit. Hence, to siguifi'^antly increase two condi- 
tions must be met: (i) The film m'lst be relatively 
free of defects which generate liKal electric fields, and 
(ii) the exciton and free carrier diffusion lengths must 
be sufficiently long such that these particles can 
migrate to regions of the film where the built-in 
electric field from an adjacent junction is high enough 
to separate the free electron -hole pairs prior to 
recombination. 

If dissociation occurs at a contact or organic het- 
erojunction, the built-in potential at that junction 
leads to charge separation, followed by carrier trans- 
port to the contacts and delivery of power to an 
external load. This two-step mechanism (exciton 
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Figure 5-7. Two represenUtive current vs voltage char- 
acteristics for the highest efficiency cells reported to date, 
(a) PTCDA/CuPc bii ayer heteroj unction cell with a power 
conversion efficiency of 1.8% at an optical power of 10 mW/ 
cm2 (from ref 174). (b) PTCBI/CuPc cell with an efficiency 
of 0.95^^ at 75 mW/cm^ (from ref 271). Both light-on 
(dashed lines) and light-off (solid lines) characteristics are 
shown. Also» various terms used to describe solar cell 
performance are indicated in b: — o^en circuit voltage, 
/sc = short circuit current. The maximum power rectangle 
shown by the cross-hatched region has an area e<]ual to 
The cell fill factor is defined by tt = Im^V^„/I^V^ 

< 1- 

generation followed by carrier generation) is typically 
a very low efficiency process which is not expected 
to lead to power conversion efficiencies exceeding 
•^5%. To date, the highest power conversion ef- 
ficiency (1.8%) has been reported for a PTCDA/CuPc 
bilayer celP'^ under an illumination intensity of 10 
mW/cm^. Here, the power conversion efficiency is 
defined as 

7p = flV^sc/^inc (5.2) 

where ff is the forward-biased "fill factor",^^ Voc is the 
open circuit voltage, /,c is the short circuit current, 
and 

Pine is the incident optical power. These vari- 
ables are defined in Figure 5-7. At the higher 
incident power of 75 mW/cm^ (equivalent to AM2 
illumination), a maximum power conversion effi- 
ciency of 7fp = 0.95% was reported for a CuPc/PTCBI 
bilayer ccU.^'^ One problem with organic-based pho- 
tovoltaic cells is their high contact and series resis- 
tances which lead to space-charge build-up with 
increasing incident power. It has been shown^^ that 
there is a roughly 2-fold decrease in efiBciency result- 
ing from spcce charge effects as the power density 
increas s from 10 to 75 mW/cm^, suggesting that the 
results for the CuPc/PTCBI and PTCDA/CuPc cells 
are nominally equal. The I-V characteristics of 



these p-P heterojunction cells/"" as well as schematic 
cross sections of both the PTCDA'CuPc and CuPc/ 
PTCBI cells are shown in Figure 5-7, parts a and b, 
respectively. Of particular note is the low series 
resistance of the latter structure, as indicated by the 
abrupt increase in current at V ^ V,^, This leads to 
the high fill factor observed, although the authors 
found that the fT characteristics degrade after pro- 
longed exposure of the cell to air.-"' 

A summary of recent results for organic PV cells 
using both Schottky and bilayer geometries is pro- 
vided in Table 10. The best results obtained after 
those in Figure 5-7 were reported for a H^Pc/DM- 
PTCDI bilayer cell with a built-in potential enhanced 
by Ho doping, due to a lowering of the Fermi level 
within the DM-PTCDI.^o^ Increasing the built-in 
potential (and hence increasing Voc) has been at- 
tempted using several difTerent approaches, the mcst 
notable being insertion of additional organic layers-^*^^ 
or even fabricating series -connected "tandem** PV 
cells in a single stack. These methods have proven 
successful in increasing Voc which extends the effec- 
tive width of the photoactive region, although they 
generally also result in an increase in series resis- 
tance (with its concomitant decrease in fR, thereby 
hmiting the overall power efficiency of the devices 
to values somewhat less than those reported for the 
best, single junction cells. 

It has been suggested that increased order within 
the film also results in an increased exciton and 
carrier diffusion length, which ultimately shoulo 
produce a higher carrier mobility alon^ the molecular 
stacks. These effects have been extensively stud- 
je^ji72.305 model compound, PTCDA, which is 

well-known to have extremely close .t-.t stacking and 
long-range stacking order. Assuming that all exciton 
dissociation (and subsequent free carrier generation) 
occurs at contacts in a metal/organic/metal cell, 
Ghosh and Feng^^s have shown that the photocurrent 
density (J) is governed by exciton diffusion, J = -I>ex 
d/i(jc)/dx, where De, is the exciton diffiision constant, 
and nix) is the exciton density as a function of 
distance with respect to the contact on which the 
light is incident (i.e., the "near" contact), or the 
counter electrode (the "far" contact) depending on 
where the exciton dissociation occurs. Now, nix) is 
simply proportional to the optical flux (<t>{x)) at x, 
given by = 0o exp[-cuc], where <i>o is the flux at 
the near contact. From this analysis, it can be shown 
that the quantum yield due to exciton generation 
primarily at the near and far interfaces follows a 
straight line when 1/i/near or I/Itjtar exp(ad)] are 
plotted as a function of 1/a, respectively. Here, d is 
the film thickness. Results of this analysis for three 
different wavelength regions for PTCDA films grown 
by 0MBDi"2 are shown in Figure 5-8. At short 
wavelengths where Frenkel excitons are generated 
(c.f. Figure 4-2b), the diffusion length is Ld = 88 ± 6 
nm, consistent with independent studies of Karl et 
aI.3o^ However, the diffiision length of the CT exciton 
at low energies (-2.0 eV) is Lo = 225 ± 15 nm which, 
to our knowledge is the longest diffusion length 
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measured for an exciton in an organic thin film. The 
voltage dependence of the quantum yield apparent 
in the figure arises from improved carrier collection 
efficiency at either the near or far contact (depending 
on the sign and magnitude of the voltage) due to 
increased fields within the film bulk. The long 
diffusion lengths observed for OMBD grown samples 
clearly suggests the need for extended stacking order 
tc achieve long diffusion lengths with its concomitant 
increase in quantum yield. 

Finally, a detailed study of the effects on perfur 
mance due to material purity and deposition condi- 
tions on bilayer DM-PTCDI cells employing phtha- 
ocyanine, perylene and porphyrinic compounds as the 
socond organic material, have also been recently 
reported.^"" For example, the source materials for 
ZnPc/DM-PTCDI cells were purified prior to deposi- 
tion using three different methods: solvent extrac- 
tion, reprecipitation of ZnPc from concentrated sul- 
furic acid, and multiple step sublimation in vacuum 
a.^ discussed in section 2, The primary figure of merit 
was VP, which was highest for sublimed materials 
I with tjp = 0.29^ ) and lowest (by a factor of 3) for 
material which underwent solvent extraction (^p = 
0.07Cf». From these results, it was inferred that 
material purity is a key parameter in achieving high 
**triciency .«>Iar energ\' conversion. Impurities acting 



as ionic trapping centers, or which disrupt the 
stacking order of the films, ultimately increase series 
resistance, charging (and hence space-charge build- 
up), and decreases the mobility of the charge carriers 
and excitons in the films. Furthermore, trapped 
charge can shift the Fermi-energy positions within 
the films, thereby decreasing (or increasing) Vbi, 
ultimately determining the width of the photoactive 
region. 

The study was extended to examine the effects of 
depf^sition rate, which was varied between 0.1 and 
15 A/*?. For these materials, no systematic surface 
morphology dependence was observed over this range 
of rates, suggesting that the film order was also 
unaffected. This was also consistent with the finding 
that r]p and other device performance parameters 
were not dependent on deposition rate. 

An additional parameter which has been system- 
atically varied in the growth of DM-PTCDI/ZnPc PV 
cells is substrate temperature,^"" varied from 25 to 
200 °C. Due to roughening of the surface at the 
highest temperatures ( > 100 '^O, short circuits de- 
veloped and the PV cells ceased to function. Below 
this temperature, there is a systematic decrease in 
rjp from 0.33% at Tsub = 25 X to 0.28^ at T,ub = 100 
**C. This reduction in rjp was attributed to elimina- 
tion of shorts (which reduce V.k > as the growth 
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Figure 5-8. Inverse quantum yield (1/7) at difFerent 
applied fields vs inverse absorption coefficient (1/a). (a) A 
diffusion length of Ld = 225 ± 15 nm is found for £ = 2. 10 
to 1.99 eV region. Inset: The data replotted vs I/7. At other 
wavelengths, diffusion lengths observed are (b) Ld = 88 ± 
6 nm for absorption between E = 2.60 and 2.36 eV and (c) 
Ld = 79 ± 7 nm for the E =3.2 eV absorption peak were 
determined from linear least squares fits to the data (from 
ref 172). 

temperature was lowered. That is. as observed for 
the OMBD growth of PTCDA^" (see section 3.3.3), 



the fUm surface becomes quite smooth as T.^b is 
lowered into the quasi-epitaxial (i.e., kinetically 
controlled) growth regime. 

The implication of the these results is that contin- 
ued improvements in rjp can be obtained for PV cells 
grown by OMBD at T.^b < 300 K under L'H\' 
conditions where an extremely high degree of cr> s- 
talline order and material purity can be assured. 
However, it is equally apparent that the resulting 
materials grown in this manner are unlikely to 
perform at levels which will make them attractive 
for use in practical solar energy conversion applica- 
tions. For this purpose, novel multiple quantum well 
structures such as those discussed in sections 4.2 and 
4.3 which optimize the overlap between the optical, 
excitonic and carrier distributions provide the mDst 
likely means for achieving the long sought-after goal 
of low cost power generation via the use of efficient 
thin film molecular organic PV cells. ^ 

A promising, alternative use of organic thin films 
in PVs is as fluorescent down converters layered on 
the surface of conventional solar cells. It is well 
known that the efficiency of conventional Si photo- 
diodes and solar cells decreases rapidly in the near- 
UV range, while numerous organic thin films exhibit 
strong UV absorption followed by radiation at lower 
energies (known as "down conversion"). The down 
converted light can be more readily detected by the 
Si solar cell than the original UV radiation, thus a 
down-converting organic thin film deposited on the 
surface of a conventional solar cell effectively in- 
creases the solar cell efficiency in the UV range. The 
down conversion is due to the Frank-Condon red 
shift from absorption to luminescence characteristic 
of organic molecules. If the film coating thickness is 
appropriately adjusted, this same film can also be 
employed as an antireflection coating for light in the 
visible spectral region.^*' 

Experimental and theoretical studies of organic 
fluorescent down converters for Si solar cells have 
been pursued for zilmost 20 years.^^^-^^^ In the initial 
studies, thick (2-5 ^m) layers of laser dye molecules 
in sol-gel or in plastic matrices were used, and 
wavelength dowTi conversion (from 400 to 510 nm) 
with efficiencies exceeding 90% was demonstrated.^^*^ 
Later, deposition of "monocompositionaP solid films 
of coronene^^® and metachrome^^i on CCD sensor 
surfaces resulted in the commercial production of UV 
sensitivity-enhanced cameras. Further studies of 
successful utilization of such wavelength down con- 
verters combined v^ath Si photodiodes have been 
limited to tris(8-hydroxyquinoline)aluminum (Alqa) 
films.^^" Alqa has a strong absorption at A < 370 nm 
(a > 10^ cm"M, with a photoluminescence peak at A 
= 530 nm (where the Si PV cell efficiency is high) 
and has a thin-film photoluminescence efficiency 
exceeding 30%.322 ^ f^^^ deposited directly on 
top of a conventional Si solar cell has, therefore, been 
observed to increase the UV collection efficiency of 
the cell by an order of magnitude.^^' A similar 
organic coating with a 100% conversion efficiency 
would increase the solar cell efficiency by as much 
as 11% under AMO illumination. Hence, it is prob- 
able that new organic thin film materials will lead 
to the realization of UV-enhanced Si photodiodes and 



solar energ>' converters with ePTiciencies sufficiently 
high to suit many commercial applications. 

5.3. Molecular Organic Light-Emitting Devices 

Efficient electroluminescence (EL) from an organic 
solid was first demonstrated in large (50 //m to 1 mm 
thick) single crystals of anthracene.^^*^^^ Although 
these devices showed a high EL quantum efficiency 
of up to 8%, they were impractical due to the large 
applied voltage ( > 1000 V) required to inject electrons 
and holes into the crystal. More recently, practical 
organic light-emitting devices (OLEDs) consisting of 
sequentially vacuum-deposited layers of hole- and 
electron-transporting molecular materials^^ have been 
demonstrated with active device thicknesses of only 
a few hundred Angstroms. In contrast to electronic 
devices where crystalline order results in a high 
carrier mobility, and hence a good device performance 
(e.g., in organic TFTs or OI-HJ devices), vacuum- 
deposited OLEDs typically consist of amorphous thin 
films. The amorphous structure leads to a high 
radiative recombination efficiency of Frenkel excitons 
due to a reduction in quenching from internal con- 
version processes hnked to highly coupled, crystalline 
organic systems. These heterojunction devices have 
resulted in a decrease in operating voltage to < 10 V 
with a brightness of several hundred candela per 
meter squared which is adequate for most video 
display applications. 

A schematic cross section of a conventional, mo- 
lecular OLED with three organic layers (a double 
heterostructure) is shown in Figure 5-9. The top, 
ohmic, electron-injecting electrode consists of a low 
work function metal alloy, typically Mg-Ag or Li-Al, 
deposited by vacuum evaporation. The bottom, hole- 
injecting, electrode is typically a thin film of the 
transparent semiconductor indium tin oxide (ITO), 
deposited onto the substrate by sputtering or electron 
beam evaporation. Light is emitted through this 
electrode when the device is operated in "forward 
bias", i.e., with the ITO biased positive with respect 
to the top electrode. The next layer deposited is a 
hole transporting layer (HTL) of a material such as 
A';V-diphenyl-A^jNr-bis(3-methylphenyl>-l,r-biphenyl- 

Cathode (MeuO 
Anode (ITO) ,^^J||^^H^B-^_ 




Substrate (Glass. Plastic, etc.) 




Figure 5-9. Conventional organic light emitting device 
I OLED I doubie heterostructure showing the contacts, the 
electron transport layer (ETL). hght-emitting layer (EL), 
and hole transport layer (HTL). The total organic thin film 
ihicknes.< i.< typically -1000 A. 



4,4'-diamine (TPD), shown with other widely used 
molecules in Figure 5-10. This is followed by the 
light emitting (EL) layer consisting of, for example, 
Alq'20Ph for blue light emission, or Alqa for green 
light. An electron transporting layer (ETL), consist- 
ing of a material such as TAZ (Figure 5-10) completes 
the double heterostructure. Doping a small amount 
(-1 mol %) of a fluorescent dye into the EL layer can 
significantly improve the device efficiency, and >5 
ImAV in the green is now routinely obtained.-'*^ 
Typical deposition rates of all organic molecular 
layers is from 1 to 5 A/s. Examples of molecules used 
for red (R), green (G), and blue (B) light emission are 
also shown in Figure 5-10, along with four examples 
of charge-transporting molecules. In many cases 
(Alqa, for example) the functions of electron trans- 
porter and light emitter may be combined in a single 
layer, resulting in "single heterostructure" devices. 

There are many variations on the single and double 
heterostructures, including hybrid materials combi- 
nations such as Alqa deposited on the polymer hole 
injecting and limiinescent material, poly(p-phenylene 
vinylene), or PPV.^^ In addition, organic/inorganic 
OLEDs based on the layered perovskite semiconduc- 
tor, (C6H5C2H4NH3)2Pbl4, or PAPI, used as the hole 
injection layer in combination with the electron 
injecting oxadiazole derivative, 0XD7, were shown^^" 
to exhibit very narrow spectral emission centered at 
A = 520 nm. 

While OLEDs based on vacuum-deoosited molec- 
ular materials3i-32 264.325.328-330 or on pol>'mers^3>-^^ 

have both been investigated,^^° the discussion in 
sections 2 and 3 clearly shows that vacuum deposi- 
tion offerii the advantages of better control over layer 
thiclcness and uniformity, and access to reproducible, 
higher purity starting materials— all critical param- 
eters for displays. In addition, since all of the device 
layers are vacuum deposited at room temperature, 
OLED fabrication is compatible with conventional 
semiconductor processes. Failure mechanisms of 
such devices are primarily related to dark spot 
formation at the contact/organic thin film interfaces. 
These effects have been extensively studied,^^'^^" 
and recently continuous operating lifetimes of vacuum- 
deposited green OLEDs at video brightness have 
been shown to exceed 20 000 h,^^®-^^^ making them 
sufficiently long-lived for commercial flat panel dis- 
play applications. 

The devices have also been found to be vulnerable 
to structural instabilities as the temperature is 
increased beyond the ijlass transition temperature 
(Tg) of one of the layers composing the OLED 
heterostructure.^***~3*2 OLED structure under 
temperature stress was thoroughly studied using 
glancing incidence X-ray.^^^ employing the same 
techniques and tools discussed in section 3.3.2.3 as 
well as via energy dispersive X-ray diffraction,'^'^ with 
both investigations resulting in essentially similar 
results. Here, we discuss briefly the results of Fenter 
et al..^*" since they illustrate some of the advantages 
to using vacuum-deposited materials in achieving 
precise structural control, and also provide informa- 
tion as to the degradation under thermal stress of 
OLED heterostructures. 
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Figure 5-10. Structural formulae for several compounds typically used in OLEDs. 
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Figure 5-n. (a) X-ray specular reflectivity (thin hnes) of (i) Alqa, (ii) TPD and (iii) Alqa/TPD films grown on Si substrates. 
Corresponding fite to the data are shown by the bold lines, with data and fits offset for clarity, (b) Electron density profiles 
derived for each film structure, (c) Fourier transform (FT) of the data shown in a tfrom ref 341) 



In Figure 5-1 la, the X-ray specular reflectivity of 
a series of thin film structures (thin and bold lines 
are experimental data and theoretical fits, respec- 
tively), is shown. These structures are (i) TPD on a 
Si substrate, (ii) Alqa on Si, and (iii) Alqa/TPD on Si. 
The reflectivity is dominated by the Fresnel reflec- 
tivity of a highly flat interface, whose intensity 
asymptotically foUows 1/Q*, where Q is the X-ray 
momentum transfer. A least-squares fit to the data 
(bold lines. Figure 5-1 la) using standard Fourier 
analysis techniques,^^ provides the electron density 
profiles of the layers (Figure 5-1 lb). These fits 
suggest that the mean-square interface roughness in 
all three structures is <4.5 A. This roughness is 
comparable to the dimensions of a single molecule 
and is only -1% of the total film thickness, providing 
evidence that vacuum deposition of organic films can 
result in extraordinarily flat (on the molecular scale* 



films and interfaces necessary to realize many, high 
performance optoelectronic devices. 

Fourier transforms (FT) of the reflectivity oscilla- 
tions provide extremely clean data (Figure 5- 11c) as 
a result of the flatness of all interfaces. The layer 
thicknesses obtained from these transforms for both 
the single-layer structures and the compound struc- 
ture are clearly indicated by the peaks in the figure 
and correspond very well to the thicknesses mea- 
sured during growth using a quartz crystal microbal- 
ance. Using such precision data, Fenter et al.^^ were 
able to accurately measure such film properties as 
thermal expansion coefficients and degradation of 
OLED structures under thermal stress. An example 
of the changes which occur to a TPD film as its 
temperature is elevated above ^ 60 C is shown 
in Figure 5-12. The reflectivity spectra in Figure 
5-12a for a TPD/Si film clearly indicate an attenua- 
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Figure 5-12. (al Normalized X-ray specular reflectivity 
for TPD/Si vs temperature, (b) Film thickness and (c) 
calculated FT intensity vs temperature. The arrows in b 
and c indicate the thermal history of the sample (from ref 
34 Ih 

tion of the signal as temperature is increased, with 
irreversible changes occurring at T > 85 ""C. By 
taking the FT of these data, the film thickness can 
be directly tracked as the film is thermally cycled. 
This is indicated in Figure 5-12, parts b and c, where 
the film is first heated to 85 °C, then cooled, and then 
reheated to 105 ^C. It is observed that in the first 
cycle, the film expands by 9 A. fi^om which a thermal 
expansion coefficient of a = 1.2 x lO'^'/K is inferred. 
Upon cooling, it is found that the film thickness 
actually increases slightly, along with a slight de- 
crease in FT peak intensity. During the second 
cycling above the melting point of TPD, the FT 
intensity decreases by a factor of 10^, although the 
film thickness decreases only slightly. The FT in- 
tensity decrease rules out the possibility that the film 
has simply densified due to the thermal cycle, sug- 
gesting instead that laterally inhomogeneous des- 
orption occurs, leaving small TPD islands whose 
thickness is nearly unchanged from that of the 
original film. Indeed, the X-ray data do not support 
the presence of any recrystallization,^"*^ but rather 
only that morphological changes are occurring. 

Further X-ray studies of the compound Alqr/TPD/ 
Si structure along these same lines were used to 
develop a complete picture of OLED structural failure 
during thermal stress.^^* It was concluded that the 
primary drinng force for the degradation of Alq/TPD 
heterostructures, and which is undoubtedly similarly 
active in many other organic heterojunction systems, 
i.^ the large thermal expansion of one of the compo- 
nent.-? <TPD» associated with its glass transition, 
creating catastrophic strain release at the heteroint- 
erface between the materials. This conclusion is 
supported by the observation that Alq./FPD struc- 
tures grown at elevated temperatures (T.ut. = 73 *C> 
exhibited better morphology and greater thermal 
.-lability than those grown al room temperature.'*^ 



Thermally induced failure^ of OLEDs is reduced 
under normal device operating conditions by i'ncreas-' 
ing the of all materials incorporated into the 
structure. For this reason, TPD has no*v largely been 
replaced by a-NPD (Tg ^110 °C) in vacuum depos- 
ited OLEDs (see Figure 5-10). Tokito et al.^*^ have 
shown that a tetramer of triphenylamine (TPTE) 
with Tg = 130 °C can also be used as an efficient hole- 
transporting material. Such TPTE/AIqa-based de- 
vices were demonstrated to have stable operation at 
T < Tg. Indeed, storage at T = 150 °C was not found 
to result in significant degradation of the device 
characteristics when operated after returning to room 
temperature. Many other aromatic amines have also 
been investigated for their suitability as high stabil- 
ity, high melting temperature hole transport materi- 
als for OLED applications.^* Finally, we note that 
in addition to thermal instabilities and dark spot 
formation, photochemical ^nstabilities^^^^^* of the 
organic materials can also influence the lifetime of 
these interesting devices. 

In the remainder of this section, we discuss the 
fundamental processes leading to current conduction 
and electroluminescence in vacuum-deposited OLE- 
Ds. Discussion of these processes leads to a more 
complete understanding of the relationship between 
film structure and device properties. This is followed 
by a discussion of some of the interesting OLED 
architectures which are apparently unique to this 
new generation of organic devices. 

5.3. 1. Current Transport and Electroluminescence 
Mechanisms in OLtOs 

It has recently been shown^^ -^^^^ that the electri- 
cal and optical characteristics of vacuum-deposited 
molecular OLEDs can be modeled by assuming that 
the fundamental mechanism controlling both current 
conduction and EL yield is space charge effects in the 
presence of an intrinsic trap distribution. The depth 
and distribution of the traps is consistent with their 
being formed by molecular relaxation on ionization 
by injected charge carriers. That is, once a charge 
carrier (e.g., an electron ) localizes on a molecule (i.e., 
it is trapped), a charge of opposite polarity <a hole) 
injected from the counter electrode becomes similarly 
localized on that same molecule. This electron-hole 
pair, whose energy is less than the ionized molecular 
energy by their Coulomb binding energy, eventually 
recombines, emitting either light or heat. Most of 
the recombination occurs within only a few hundred 
Angstroms of the HTL/ETL interface determined by 
the diffusion length of carriers in the emitting mate- 
rial. This region is known as the "recombination 
zone". 

It has been found^--*-** that cx:iton diffusion lengths 
in such amorphous thin films as Alq;( are approxi- 
mately 100-300 A. Hence, in optimal devices, the 
Alq.i layer thickness must be only slightly larger than 
this thickness (see below), suggesting that significant 
control over film deposition as well as on substrate 
flatness afforded by vacuum deposition of molecular 
organics is necessary. 

A very clear demonstration of the extent of the 
recombination zone was provided by Adachi et al. '^"^ 
using a single heterostructure OLED shown sche- 
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Figure 5-13. Top. Chemical structural ^orm-iae for the 
organic molecules used to determine the width of the 
recombination region. Center: Schematic of the doped 
single-heterostructure OLED. Bottom; Electrolumines- 
cence spectra of six doped single heterostructure OLEDs. 
with the positions (A-F) of the dopant layers indicated in 
the diagram of the OLED (from ref 348). 

matically in Figure 5-13. For this device, the 500 A 
thick hole transport and light-emitting layer con- 
sisted naphthostyrylamine (NSD), and the 500 A 
thick ETL consisted of an oxidiazole derivative. 
Structural formulae for molecules used in this study 
are also shown in Figure 5-13. To determine the 
extent of the recombination zone, a highly emissive 
dopant chromophore. a thiadiazole derivative, was 
grown in very thin (10 A) slabs located at different 
distJinces from the HTL/ETL interface in different 
devices. The emission spectrum of each of these 
devices was then measured, with the results shown 
in the figure. For dopant slabs located within --100 
A of the heterointerface, the emission peaks at 590 
nm (spectra labeled A and B), characteristic of the 
spectrum from the thiadiazole derivative. However, 
when the dopant is moved farther from the interface 
(spectra C-F), the emission peak shifts to 500 nm 
due to recombination in the undoped NSD. This 
result clearly indicat s that virtually all radiative 
recombination occurs in the HTL, within 100 A of the 
HTL/ETL interface for this heterostructure. These 
conclusions about the width and position of the 
recombination zone has been confirmed by measure- 
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Figure 5-14. Current as a function of applied voltage in 
a 270 A thick TPD, and 550 A thick AJq.t OLED at various 
temperatures (open symbols). The solid lines show a fit to 
the space-charge limited model discussed in the text, using 
iV, = 3.1 X 1018 cm~^ and m^\i'\\o = 4.8 x 1014 (cm V 
s Inset: Temperature dependence of the power law 
parameter, mjI^Vm-i- 1) giving T, = 1780 ± 50 K (from 
ref 258). 

ments of exciton dynamics in Alqs and at Alqa/TPD 
interfaces.3'*9^^o Undoubtedly, these conclusions can 
be generalized to understand almost all small mo- 
lecular weight, vacuum-deposited OLEDs. 

Typically, the power-law dependence of current-on- 
voltage observed for OLEDs and expected from the 
trapped charge model fits experimental data over 
many decades of current and over a wide range of 
temperature. However, effects due to low efficiency 
of charge injection from the electrodes, particularly 
the low work function cathode, can complicate the 
process by adding extra resistance which results in 
a voltage offset.^^^ 

In the trapped-charge model, we assume that the 
current density is bipolar, in that it consists primarily 
of holes injected from the ITO contact into the HTL 
(e.g., TPD), with electrons injected from the low work 
function cathode (e.g., Mg-Ag) into the ETL (e.g., 
Alqa). Of the two carriers, electrons have the lower 
mobihty and hence limit the current conduction 
process. Radiative recombination occurs when holes 
are injected from the TPD into the Alqa, where, 
within a short distance (a few hundred Angstroms) 
of the TPD/Alqa heterojunction, they bind to an 
electron on an Alqa molecule forming a short lifetime, 
Frenkel exciton. Radiative recombination competes 
with nonradiative (dissipative ) recombination occur- 
ring at the TPD/Alqa interface as well as at the 
contacts. 

The power-law dependence of current-on-voltage 
(Figure 5-14), commonly observed in both molecular 
organic'2.258.326.346.351.302 ^nd polymer-based^"^ OLE- 
Ds, is interpreted in terms of the injection of space 
charge into a trap-filled insulator (Alqa). At very low 
applied voltage, ohmic conducti\ity dominates, where 
the current density, J, is described by J = qu^noVld. 
Here, no is the background density of free electrons 
in Alqa, is the electron mobility, and d is the layer 
thickness. Previous observations of ohmic conduction 
at extremely low injection currents'- * <0.1 z<A/cm-) 
sets an upper limit to /i^/n in this expression of 10' 



Ultrathin Organic Films Grown by OMBO 

(V cm s)*^ At higher injection currents, the filling 
of traps below the electron quasi-Fermi level results 
in the current being governed by the density and 
energy distribution of the traps. An analytical 
expression relating current to voltage in this trap 
charge limited (TCL) regime is obtained by assun.ing, 
for simplicity, a continuous exponential energy dis- 
tribution of traps below the LUMO following^^ 

N,(E) = (N/kT,) exp[(E - E^[;y^Q)/kT,] (5.2) 

Here, Nt is the total trap density, £lumo is the AJqa 
LUMO energy, and Tx = Et/k, where E^ is the 
characteristic trap energy. The current density is 
then given by 

where f is the permittivity and A^lumo is the LUMO 
density of states. It is clear from eq 5.3 that m = 
TJT determines the temperature dependence of the 
I-V characteristics, A weaker effect is the temper- 
ature dependence of the mobility, which in organic 
materials empirically follows ^niT) T'", where n 
varies from 0 to 3. Conduction and scattering by 
phonons in narrow bands characteristic of organic 
molecular solids has been shown to yield a temper- 
ature dependences^' of =^ r"^. However, small 
changes in the exponent or functional form or even 
the small expected dependence on electric field, 
chosen for uiT) do not significantly affect the fit, 
which is primarily governed by the strong power-law 
dependence of eq 5.3. Finally, the temperature 
dependence of TVlumo has also been shown to be 
negligible.^^® 

The forward-biased /-V characteristics of TPD/ 
Alq3 OLEDs at temperatures ranging from 120 to 300 
K at 20 K intervals have been fit to the model 
described above,^^®-^*® as shown by the solid lines in 
Figure 5-14. For these fits, it was assumed that the 
OLED current is limited by the 550 A thick Alqa 
layer, and hence the contacts play a less significant 
role in limiting current transport in optimum devices 
^iih thin organic layers. With and //rvA^tt-MO as 
parameters, eq 5.3 fits the data over six decad*»s of 
current, with m varying from 6 ± 1 at 300 K to 15 ± 
1 at 120 K. The inset to Figure 5-14 shows the 
variation of m with l/T, which is fit by a straight line 
corresponding to £i = 0.15 ± 0.02 eV. A further test 
of the validity of the trap-limited model is the 
prediction from eq 5.3 that V is approximately 
proportional to cP at constant current, which has also 
been confirmed for TPD/Alqa devices.-^** 

Using the measured value of Tu the density of traps 
can be determined by fitting the temperature de- 
pendent data to eq 5.3. From this, it was found 
thaf^^^-^^Ni = 3.1 X 10i»cm-\and«r»*VuMO = 4.8 x 
10'^ (cm V s)"*. Using time-of-fiight measurements, 
Hoskawa et al.^^^ determined that /<n»300 K> = <5 ± 
2 1 X 10-"^ cm-/(V s). from which we infer Numo = a.O 
= 0.5» X 10*^ cm-s. Finally, this model yields a.. < 
10^' cm *. consistent with the insulating nature of 
.AJq,. 
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Figure 5-15. (Bottom) The location of the filled orbitals 
( HOMO states) in a molecule of Alqa and (top) the location 
of the empty orbitals (LUMO states) (from ref 258). 

The fact that A^lumo and Ni are roughly equal (and 
within 2 orders of magnitude of the density of 
molecular sites) suggests that each conduction elec- 
tron is self-trapped on an Alqa molecule^^*^-^® due 
to the resulting generation of a polaron, i.e., each 
molecular site serves both as an available electron 
state and a trapping site. This is consistent with 
molecular orbital calculations^^® which indicate that 
the Alqa anion LUMO is ~0.2 eV lower in energy than 
the neutral state— a value approximately equal to the 
neutral polaron energy, Et. Hence, an electron and 
hole which localize on the same quinolate ligand of 
an Alqa molecule (which are the sites of the calculated 
HOMO and LUMO as shown in Figure 5-15), are 
lowered in energy from their conduction states by the 
Coulomb binding energy of the resulting Frenkel 
exciton. The exponential distribution of energies, as 
suggested by the above analysis, is due to the 
presence of a high density of intramolecular phonons 
at room temperature leading to a distribution of 
nondegenerate molecular conformations. Evidence 
for the effects of phonons is aho apparent from the 
broad EL and PL emission spectra^^-^"*" which are at 
significantly lower energies from the absorption 
spectrum of Alqa due to the large Franck-Condon 
shift. In section 5.3.2, we show that this substantial 
red shift in luminescence is useful in transparent 
OLEDs which have a wide range of device applica- 
tions.^ 

These relaxation processes can be put in the 
context of the HOMO- LUMO energ>' diagram for an 
OLED shown in Figure 5-16. Here, electrons are 
injected from the cathode into the Alq.t. and holes are 
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Figure 5-16. Schematic energy level diagram showing the 
process of charge transport and subsequent relaxation of 
trapped electrons in Alq;, with a minority hole, to form a 
distribution of Frenkel excitons in the Alq^ bandgap. These 
self-trapped excitons subsequently recombine to generate 
electroluminescence. Electrons are indicated by shaded 
circles in the LUMO band, and holes by open circles in the 
HOMO band. Fj, and Fn indicate the quasi-Fermi levels for 
holes and electrons, respectively (from ref 258). 
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Figure 5-17. Dependence of electroluminescence efficiency 
on temperature of a 270 A thick TPD and 550 A thick Alq., 
OLED (closed squares), and fit to a model assuming that 
trapped charge gives rise to EL (line). Inset: Dependence 
of photoluminescence efficiency on temperature of a 1000 
A thick Alq3 film vacuum evaporated on a UV- transparent 
quartz substrate (from ref 258). 

injected from the TPD from the opposite electrode. 
These carriers hop from molecule to molecule, with 
the electrons arriving in the vicinity of the ETL/HTL 
interface before localizing on an Alqa molecule. This 
localization is a "self-trapping^, or polaron generation 
process which lowers the energy of the molecule in 
its anionic form to well below £llmo. Subsequently, 
a carrier of opposite sign (in this example, a hole) 
localizes on the anion, further decreasing the now- 
excited molecular state by the Coulomb pair binding 
energy. At some time later equal to the exciton 
lifetime, the pair recombines (either radiatively, 
generating light, or nonradiatively, generating heat) 
and the molecule is free to accept the next injected 
carrier. 

The role of self-trapping has in fact been extended 
to quantitatively explain the mechanisms for EL.^^^ 
In Figure 5-17, the EL quantum efficiency at a 
constant current of 50 (solid symbols) is plotted 
as a function of temperature. Now, the EL flux (<I>el) 
is proportional to the rate at which electrons in the 
filled trap states recombine with holes in the Alq^ 
HOMO (at energ>' EHfAMi.' \ia an intermediate, re- 



laxed Frenkel exciton state. Since holes (of density 
pix)) are minority carriers in Alqj, the recombination 
rate per volume as a function of the disUnce from 
the electron injecting Mg:Ag electrode at x is 



nx)= p{x)/T ix) 



(5.4) 



where rp(x) is the hole lifetime in the Alqa layer, 
which can be determined from steady state recom- 
bination statistics.^^^ Also, p(x) is found using 



p(x) ^ d^p(x) d 

= D^~^-^^^[p(x)F{x)] 



dx^ 



(5.5) 



where Dp = /ipkT/q is the hole diffusion constant, i/p 
is the hole mobility and Fix) is the electric field. The 
total recombi^iation rate is ss p(d)^pFid). Since the 
ratio of radiative to total recombination is propor- 
tional to the photoluminescence (PL) efficiency, i/pl, 
in Alqa, the temperature dependent EL flux is 

<I>el(7^ = Oinpi(T)R = arjpJT)p(d)f4^(d) (5.6) 

The factor, a, includes all losses that do not exhibit 
a significant temperature dependence (e.g., due to 
spin statistics, small-energy nonradiative transitions, 
etc.). Here, 7pl(7^ is shown in the inset in Figure 
5-17. The forward-scattered external PL quantum 
efficiency, which can be directly compared to the EL 
in an OLED, was measured to be 7%. 

Assuming /ip = 0.01/<n, Ep - Shomo = 20 ± 1 meV 
at X = rf, a = 0.25 and A^ho.mo = 0.07A^lu>io, the EL 
data of Figure 5-17 have been fit (solid line) to eq 
5.6. The EL intensity increases with decreasing 
temperature due to a decrease in the hole lifetime - 
diffusion length product. The increase saturates at 
the lowest temperatures due to the reduced hole 
injection into the Alqa as a result of a decrease m 
pid). The calculated room temperature external EL 
quantum efficiency (7 = q<l>ziJJ) obtained from this 
fit is --1%, consistent with the measured value of 
0.5-1%. 

This study clearly suggests a link between the filled 
traps that give rise to the /-V characteristics and 
the EL intensity, providing detailed insight int the 
physical origin of EL in OLEDs. One consequence 
drawn of this analysis is that only ^19f of the Alq 
molecules are optically active under even the highest 
drive currents. This is not surprising in that vfr\ 
high currents should lead to a large electron .-ipaci* 
charge in the film which would serve to hall - via 
Coulombic interactions) further current injeciu)n 
This analysis is essentially a "one-electron" piciurt- 
which does not account for electron-electron interac- 
tions. Nevertheless, the model suggests that optimal 
performance can be achieved by lightly doping; a 
conducting host molecular film with ^1^ of a differ- 
ent, highly luminescent guest molecule to achieve 
maximum EL efficiency. This effect was obser\ed-' ' 
for several different molecular dopants in Alqj, 
including^^^* the red-emitting tetraphenylporphine 
(TPP). It was found that, as predicted, maximum red 
luminescence efficiency (vrith a peak wavelength of 
/. = 655 nm. Figure 5-18) is achieved for TPP dopings 
of -1*:^ by mol wt), with the device red-emission 
efficiency decreasing at both higher anci lower con- 
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Figure 5-18. Output from a Mg-Ag/AlqaiTPP/rPD/TTO 
organic light-emitting device as a ftinction of drive current. 
For this device, the TTP concentration in AJqs is very small 
{-^0.5% by wt) to show effects of energy transfer saturation. 
The drive currents for the 0.8 mm^ device £ire (starting from 
the highest intensity curve) 3 mA, with the drive current 
for each successive curve reduced by approximately a factor 
of 2 from the adjacent, higher intensity spectrum. Peaks 
C and D are characteristic of TPP, whereas peak B is 
characteristic of Alqa. It is observed that the intensity of 
peak B scales with pump intensity, indicating a saturation 
of luminescence from the limited concentration of TPP 
molecules. Furthermore, the ratio of intensities of peak C 
to B also decreases as drive current is increased above 500 
fiA providing further evidence for saturation of energy 
transfer. For TPP concentrations exceeding 1^, energy 
transfer is -100*?^, completely eliminating emission from 
Alqa at all practical OLED output powers (from ref 362). 

centrations of TPP in Alqa. The energy transfer from 
Alqa into TPP is complete at this level of doping, as 
shown by the lack of measurable Alqa emission 
(typically observed with a peak wavelength at ^530 
nm), falling off as the TPP concentration is further 
reduced. In Figure 5-18 is shown the OLED spec- 
trum for very lightly doped TPP (<0.5%) in Alqa, 
where incomplete energy transfer is evident from the 
emergence of Alqa emission {peak B) at high injection 
levels.^^2 For concentrations > 1%, only the two TPP 
emission features (peaks C and D) are evident at all 
injection levels.^^ 

Other models have also been suggested to explain 
tne current conduction in OLEDs. For example, the 
/-V characteristics in OLEDs have been fit over two 
tD three decades of current by a Schottky-type ther- 
mionic emission model,^"^^ although a large dis- 
crepancy (2-6 orders of magnitude) between the 
measured and predicted values of the saturation 
current was observed. A model which assumes that 
current is limited by tunneling from the contacts into 
the organic layer^^^^ can also be made to fit the 
observed data for polymeric OLEDs over one to two 
decades of current in the high-field regime. 

The efficiency of OLEDs may be strongly influenced 
by subtle changes in the organic film structure. For 
example, Joswick et al. systematically investigat d 
the effect of film crystallinity on EL device perfor- 
mance.^ Their results indicate that increasing the 
polycrystallinity of the EL layer made from conju- 
gated oligomers dramatically decreases both carrier 
mobility and EL quantum efficiency. Such effects are 
almost certainly also present in molecular organic 
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films. Amorphous, glassy films, or alternatively 
highly crystalline films such as those grown by 
OMBD, are therefore desirable for achieving eflRcient, 
low-voltage OLEDs. 

Finally, the trap-filled conduction model is cl arly 
valid only when the cathode and anode contacts are 
ohmic, with a sufficiently low resistance such that 
the current is limited primarily by transport through 
the thin films.^ This condition is met in optimal 
OLEDs where the Alqs layer thickness is -500-700 
A, and is approximately double that of the HTL 
thickness.^®^ Furthermore, the formation of dark 
spot defects at the low work function metaL'ETL 
interface ultimately determines the operational life- 
time of the devices.^-^"^^ Consequently, under- 
standing the fundamental properties of the organic/ 
metal interface^^ and other organic thin film 
systems^^'^^** is of the greatest importance in OLEDs, 
TFTs, and virtually all electrically active organic 
devices, and hence has been of considerable recent 
interest. While it is generally thought that low work 
function metals are required to obtain a low electron 
injecting barrier at the ETL/cathode interface, it is 
apparent that mechanisms resulting in ohmic contact 
behavior are quite subtle, involving significant metal/ 
organic interdiffusion,^^* and chemical reactions be- 
tween the species.^^^ These processes can generate 
a high density of interface defect states which domi- 
nate the injection properties of the contact into the 
organic film. In photoelectron spectrographic studies 
of metal/PTCDA contacts, Hirose et al.^®® have found 
that these defect states may be responsible for the 
low resistance contacts observed, as opposed to 
simple work function and energy band alignment 
arguments. 

The optimization of contacts in current injection 
devices such as OLEDs. organic lasers, and transis- 
tors is possibly one of the most important consider- 
ations in making practical organic-based electronic 
devices, and hence continued studies of the metal/ 
organic interface are of the utmost importance. 

5.3,2. Organic Light- Emitting Device Stmctures and 
Applications 

One of the principal reasons that OLED technology 
has attracted such interest in recent years has been 
the prospect for using these devices in full color, red- 
green-blue (RGB) emissive displays which might 
eveiituplly replace active matrix liquid crystal dis- 
plays. Several techniques have been proposed for 
generating RGB displays,^'^ as shown in Figure 5-19. 
Simple, side-by-side photolithographic patterning 
combined with shadow masking allowed Wu et al.^'^ 
to fabricate red, green, and blue polymer OLEDs on 
the same substrate, although at very low resolution. 
This approach, shown in Figure 5- 19a, while archi- 
tecturally obvious, can result in a high-cost process 
where growth and fabrication of the three color 
segments must be alternated without damage to th 
predeposited and prefabricated subpixels. Alterna- 
tively, optical filtering of white OLEDs can produce 
acceptable r d, green, and blue emission (Figure 
5- 19b), but at a great cost to device efficiency due t 
the large amount of light absorbed in the filters. 
Several demonstrations of bright, white-light emit- 
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Figure 5-19. Schemes for creating full color displays based 
on organic light-emitting devices placed in a side-by-side 
configuration. The methods are (a) closely positioned, 
separate red, green, and blue emissive pixels; (b) a single 
white OLED positioned above red. green, and blue color 
filters; (c) a .'ingle blue or UV OLED positioned above red, 
green, and blut Huorescent down converting layers. In the 
case of the red pixtl, it may be necessary to first generate 
green through fluorescent down conversion, followed by a 
second step to red; (d) a single, very broad spectral emission 
OLED positioned above dielectric mirror stacks to provide 
microcavities tuned with their optical band pass in the red, 
green, and blue spectral regions. (Figure courtesy of Y 
Sato.) 

ting OLEDs^"-3^6 utilized multiple EL layers where 
the molecular composition was varied to give the 
spectral content necessary for white emission. At- 
tempts at using rare-earth complexes to build OLEDs 
which emit "white" light concentrated into the red, 
green, and blue spectral bands, however, greatly 
reduced the efficiency of the OLED itself.^"' 

Less efficiency is wasted by using a single blue 
OLED^''® to pump organic wavelength "down convert- 
ers" (Figure 5- 19c). Each down converter consists of 
a prepattemed film of fluorescent material which 
efficiently absorbs blue light and reemits the energy 
as either green or red light, depending on the 
compound used.^*®^ Luminescent organic systems 
can have a conversion quantum efficiency approach- 
ing 100%, although the power efficiency is reduced 
since the energy of the emitted photon is less than 
that of the absorbed photon. This is particularly 
important in the generation of red light by a blue 
pump, which results in a maximum down-conversion 
power effici ncy of -50^, assuming the down- 
conversion quantum efficiency is 100%. Neverthe- 
less, a low-resolution display using down converters 
has recently been reported.^®^ 

Use of OLEDs which are intrinsically color tunable 
ob\'iates the need for separate RGB elements. result- 
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Figure 5-20. Spectral emission from a blue, transparent 
organic light emitting device (TOLED) from the top and 
substrate surfaces. Inset: Structure of the double hetero- 
structure TOLED (from ref 384). 

ing in a 3-fold improvement in resolution and display 
fill-factor as compared to the various side-by-side 
architectures. Only one OLED structure is grown 
over the entire area of the display, although this 
simplicity is somewhat offset by additional complex- 
ity required in the drive circuit, which must simul- 
taneously control color, brightness, and gray scale. 
For example, polarity-dependent, two-color operation 
has been obtained from OLEDs doped in difTerent 
regions of the heterostructure with molecular species 
which emit at different wavelengths.^^^ jj^ ^^jg ^,35^ 
the color is tuned by varying the polarity and the 
magnitude of the applied voltage; higher voltage 
results in more emission from the blue emitting 
component, while also resulting in higher overall 
brightness due to increased current injection into the 
device. To reduce this problem, emission intensity 
can be controlled by using a pulsed current source 
at reduced duty cycles. In a color display, therefore, 
high drive voltages at very low duty cycles may be 
necessary for blue pixels, which is likely to enhance 
degradation. Note that molecular organic color-blend 
structures have not yet been demonstrated which can 
continuously access all regions of the color spectrum. 
In a high-resolution display, color tuning the pixels 
while independently controlHng brightness and grey 
scale appears to be problematic. 

Organic thin films, however, allow for the realiza- 
tion of completely new display concepts which, among 
other advantages, may also lead to the practical 
realization of low cost RGB displays. For example, 
Gu et al.256-^ demonstrated transparent OLEDs (or 
TOLEDs), useful for transparent head-up, or very 
high contrast displays (inset: Figure 5-20). These 
devices employ the large Franck-Condon shift char- 
acteristic of many organic molecules^^-^^^-^' which 
result in significant red shifls of the emission relative 
to the absorption spectrum. Hence, these films are 
transparent to their own emitted light. In Figure 
5-20, we show the spectral output from a blue double 
heterostructure TOLED^^^-^ consisting of a 500 A 
thick TPD layer used as the HTL, followed b^ a 200 
A thick AlqoOPh as the emission layer, a 500 A thick 
Alqa ETL, and a cathode contact consisting of 100 A 
Mg-Ag followed by a sputter-coated ITO contact. The 
light emission from the top surface of the TOLED 
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(with a total efficiency of 3.65':^) is somewhat blue 
shifted with respect to the substrate emission due to 
absorption in the Mg-Ag contact. 

In addition to being a transparent light emitter, 
the top ITO surface of the TOLED can serve as the 
hole injecting electrode for a second TOLED built on 
top of the first device. Each device in the stack is 
then independently addressable and can be tailored 
to emit its own color through the adjacent transpar- 
ent organic layers, the transparent contacts and the 
glass substrate. Thi*; allows the entire area of the 
vertically stacked pixel to emit any mixture of the 
two primary TOLED colors. Recentl>, both two- and 
three-color SOLEDs have been demonstrated,'*^*-^ 
with the three-color device shown schematically in 
Figure 5-2 la. Since each color element in the stack 
is independently addressable, a stacked OLED 
(SOLED) display can be built with independent 
control of brightness, color, and gray scale. In the 
SOLED in Figure 5-2 la, the blue double heterostruc- 
ture (with a structure similar to that shown in Figure 
5-20 except with the TPD replaced with the improved 
stability, a-NPD) was grown at the bottom, and is 
separated by the second (green) subpixel by a com- 
mon, semitransparent Mg-Ag electrode. The conven- 
tional green emitter was then grown with its Alqa 
ETL and emission layer sharing this same cathode, 
followed by a a-NPD HTL. Since this structure 
requires the somewhat destructive sputter deposition 
of ITO on top of the HTL to form the anode contact, 
a thin layer of PTCDA is first deposited onto the 
a-NPD prior to ITO deposition. PTCDA ser\*es two 
purposes: (i) Since it is an extremely robust molecule, 
it prevents spuit<»r damage to the underlying a-NPD, 
and (ii) its high hole mobility^"**"^ improves carrier 
injection into the green emitter. Note that the 
contact properties for organics deposited onto the 
surface of the Mg-Ag are considerably different than 
from those where the Mg-Ag is deposited onto the 
organic thin film. Indeed, in the later case, the 
contact appears to have significantly lower resistance 
than in the former, presumably due to chemistry 
which occurs during the condensation of highly 
energetic atoms onto the surface of the organic 
material.^®" 

To complete the three-color device, a third a-NPD 
layer was deposited onto the sputtered ITO contact, 
followed by a 39^^ TPPiAlqa ETL and light emitting 
layer. The final cathode was a conventional, non- 
transparent Mg-Ag layer. 

The electroluminescence spectrum from the several 
different emitters in the stack is shown in Figure 
5-21b. The quantum efficiencies for the red, green, 
and blue subpixel elements were 0.3%, 0.55%, and 
1.6%, with output luminances of 35, 70, and >200 
cd/m^, respectively, adequate for many display ap- 
plications. Note that these spectra are significantly 
different than those obtained for three discrete 
OLEDs using the same emitting molecules.^^ This 
is due to the existence of optical cavities formed by 
the several different organic dielectric layers and the 
reflective, semitransparent metal contacts comprising 
the stack. These so-called "microcavity effects" have 
been extensively studied^**^" * and have been found 
to not only affect the spectral content of the emitted 
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Figure 5-21. (a) Exploded schematic view of a three-color 
stacked organic light emitting device (SOLED) showing the 
various material layers and the biasing scheme. The total 
thickness of the contacts and organic layers is ^0.8 .//m. 
(b) The output spectra from the three separate subpixels 
in the SOLED. Under operation, the toUl spectrum is a 
linear superposition of the separate spectra of the indi- 
vidual subpixels (from ref 385). 

light, but also its angular distribution. While such 
effects are often undesirable, it has recently been 
proposed^ that multicolor displays consisting of 
OLEDs tuned by external dielectric reflecting layers 
can be one approach to achieving full color, as shown 
in Figure 5-19d. 

As discussed extensively in this review, organic 
thin films have high mechanical flexibility, and do 
not require lattice matching with the substrate. This 
property creates new possibilities for the device 
engineer, such as the 12-layer SOLED shown in 
Figure 5-21, which is a unique combination of amor- 
phous and crystalline organic films, inorganic con- 
ductive oxides and metal films all comprising a 
single, integrated and efficient structure. Currently, 
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Figure 5-22. Photograph of an array of nine, un packaged 
1 cm^ vacuum-deposited, nonpolymeric flexible OLEDs. 
One device (near top of photo) contacted with the probe 
arm (shown as the diagonal cylinder at the lower right) is 
operating in air in a well-illuminated room at normal video 
display brightness (-100 cd/m^) (from ref 396). 

it is not possible to fabricate such heterogeneous 
layered structure? based on inorganic semiconductor 
materia] systems. 

In other applications of organic-based light emit- 
ters, polarized EL, with potential applications for 
optical memories, has been obtained by either orient- 
ing the organic molecules on the substrate sur- 
face^^^^^^ or confining the EL layer in a multilayer 
structure J^^ *''* In addition, flexible, molecular OLE- 
Ds as shown in Figure 5-22, have been demonstrated 
on ITO-coated polyester substrates, which 
complement earlier demonstrations of flexible poly- 
meric OLEDs,^^ 397 creating the potential for roll-up 
or conformable displays on curved surfaces. Vacuum 
deposition on plastic sheets also allows mass-produc- 
tion of large-area OLEDs via roll-to-roll processing. 
The successful development of such a process could 
result in extremely low cost manufacture. 

We conclude this section by noting that work 
published by over 80 laboratories worldwide^^®"***** in 
the last few years has shown that arrays of vacuum- 
deposited, green OLEDs are sufficiently bright and 
long-lived to be a realistic alternative to conventional 
technologies such as back-lit liquid crystal displays, 
and indeed are currently being adopted for early 
entry into commercial markets.^ **** OLEDs based 
on vacuum-deposited organic thin films exhibit unique 
properties of transparency, flexibility, and simplicity 
of manufacture which are unobtainable using con- 
ventional, inorganic semiconductors. These proper- 
ties enable new display applications. The intense 
worldwide effort to exploit OLED technology appears 
poised to succeed in producing an entirely new 
generation of low -cost flat panel displays with novel 
properties inaccessible with existing display concepts. 

5.4. Thin-Film Transistors 

One area where remarkable progress has been 
made during the last two year?-*^"^"-'"-*"-"^"^ has been 
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in the understanding and fabrication of organic thin 
film transistors (TFTs). Interest in these devices 
stems from their potential use in very low cost 
display back plane active transistor matrices, and in 
low-cost (albeit low performance* electronics applica- 
tions such as in credit card ID encoding, etc.*"'^ 
Organic TFTs have the potential for roll-to-roll 
production due to their compatibility with low- 
temperature fabrication processes. Indeed, if work 
in this area is successful, organic TFTs may one day 
replace such devices currently based on amorphous 
Si which require elevated temperature deposition 
(typically ^200-500 *C), making them incompatible 
with integration on ultralow cost polymer substrates. 

rharge carrier mobility, the characteristic of great- 
est importance to TFT performance, is determined 
by the degree of ,T-orbital overlap between adjacent 
molecules forming the conducting channel from tran- 
sistor source to drain. In addition, to minimize the 
dark conductivity of the transistor channel, the 
background free carrier concentration must be mini- 
mized, placing stringent requirements on material 
purity (where defects and impurities give rise to 
shallow donor or acceptor states). For these reasons, 
it has been suggested^^ that the most promising 
approach to achieving the required high mobility and 
low impurity concentration is via vacuum deposition 
of highly pure planar aromatic compounds such as 
pentacene,-^^ the oligothiophenes (e.g., a-hexathie- 
nylene, a-6T),'^*^-^'^ perylene and naphthalene-based 
compounds. and the Pcs.^^' 

The structure of a typical organic TFT is shown 
schematically in Figure 5-23a. Here, an organic thin 
film which serves as the transistor channel is depos- 
ited to a thickness of 1000-2000 A onto an oxidized, 
conductive Si surface between ohmic metal (e.g., Au) 
or polymer (e.g., polyaniline) contact fingers. The 
contact fingers serve as the source and drain elec- 
trodes of width W, and separation (i.e., channel 
length) L. The Si substrate provides the gate contact. 
Conduction occurs at the organic/Si02 interface when 
a bias, Vgs, whose polarity depends on the n or p-type 
character of the organic thin film, is placed between 
the gate and grounded source contact. For p-channel 
accumulation mode TFTs, for example, application 
of a sufficiently high Vgs lowers the surface Fermi- 
energy of the film below the HOMO, thus creating a 
conructing pathway between source and drain, with 
the otal current determined by the drain voltage, 
-Vds. Inversion mode and n-channel devices work 
in much the same fashion, although the sign of the 
gate and drain potentials are reversed. 

While the best device performance to date^^® has 
been achieved using the structure in Figure 5-23a, 
we note that all of the gate contacts in a multitran- 
sistor integrated circuit using such a device geometry 
will be shorted. For practical application, the sub- 
strate must be an insulator such as a polymer sheet 
or glass. In this case, a conducting gate electrode is 
first deposited and patterned, followed by deposition 
of the gate insulator, which can be either a polymer, 
a vacuum-deposited organic film, or an inorganic 
material such as SiOo or SiN^. After the gate 
insulator is deposited, further processing follow? the 
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Figure 5-23. (a) Schematic view of an organic thin film 
transistor fabricated on a Si substrate. and L is the 
channel width and length, respectively, Vj, and is the 
gate and drain voltages, and la is the dram current, (b; 
TFT drain current characteristics. The TFT structure 
consists of a a-6T organic channel layer deposited between 
Au source and drain electrodes on a glass substrate. The 
insulating gate layer is polymethacrylate with a capaci- 
tance, C, = 10 nF. Device dimensions are VV^ = 5 mm. L = 
50 urn <from ref 268). 

same route as discussed for TFTs on Si substrates. 

Transistor characteristics, such as those reported 
for a-6T-based channels (see Figure 5-23b) are bro- 
ken into two operating regions: th^ linear regime at 
low Vds. and the saturation regime at higher Vns. 
Highest transistor gain is achieved in the saturation 
regime. The drain current for an ideal transistor is 
thus3>3 

V^DS < Vgs - (5.7a) 



(5.7b) 



Here, €\ is the permittivity of the gate insulator, d is 
its thickness, Vt is the threshold voltage, /<efT, is the 
••efrective" carrier mobility, and /dss is the drain 
saturation current. The voltage gain in a common 
source circuit configuration, where Rl is the load 
resistanc at the TFT drain, is A, ^ where gn^ 

is the transconductance<i.e.,gm = fd/Ds/dVr..^)). Since 
is largest in saturation, we obtain 



5^ = (W/Lrf).;/.,,/Vc;s- V^) 



(5.8j 



Now the gain of the amplifier is also limited by the 
output conductance of the TFT. which is simply 
the slope of the drain current characteristics in 
saturation, viz.: g,. = Id/i.vdV'nsI. The maximum 
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Figure 5-24. Mobility as a function of electric field ^Eos) 
in the channel. Gate dimensions are L = 25 (full dots), 
L = 12 f4m (open squares I, L - 4^m (full triangles), and L 
= 1.5 (open triangles). The bars indicate the error in 
the measurement of the mobility which have a slight 
dependence on Vqs * from ref 403 ). 

gain is therefore Av < gn/go* suggesting that practical 
transistors require a minimum output conductance 
and a maximum transconductance. Furthermore, a 
low assures that the channel leakage current in 
the "ofT state (/do) will be small. Coupled with a 
large mobility which ensures a large /dss, the switch- 
ing ratio (/dssZ/do) is large. Indeed, /dssZ/do ^ 10^ is 
necessary for most high contrast AMLCD applica- 
tions. Finally, the frequency response of the transis- 
tor is determined by the cu* frequency: 

fj =gJ2jrCcs = (nJ2:iL'){Vc^ - V^) (5.9) 

where Cgs is the gate-source capacitance. From the 
forgoing discussion, it is apparent that the critical 
performance parameters of a TFT, i.e., its maximum 
current, /dss, transconductance, ^m, and operational 
bandwidth, ^/t, all depend on the figure of merit, //en/ 
L, which must be maximized, along with minimizing 
go to ensure high-gain operation. In addition, it is 
important that Vj be small (approaching 0 V) to allow 
for low-voltage operation. Since L is a function of 
device geometry, it is important to engineer struc- 
tures where L ^ 2—5 uva can be routinely achieved. 
Both go and //eft are determined by thin-film proper- 
ties, with the optimal values achieved using highly 
ordered and high purity organic thin films such as 
those grown by OMBD. Since yi^f\ is primarily due 
to interface properties between the channel layer and 
gate insulator,^^^ go can be reduced by maintaining 
a highly flat, but thin channel film in order to 
decrease current shunts through the film bulk. Film 
flatness is routinely achieved by OMBD growth, 
which is probably essential for routine fabrication of 
high performance TFTs competitive with existing 
hydrogenated amorphous S; a-Si:H) transistois. 

As inferred from these considerations, the channel 
mobility (/<efr* is not generally the same as its bulk, 
or intrinsic, value (/<„». Thus, //cnr is determined 
primarily by defects at the interface, which may 
generate deep trapping levels. Alternatively, such 
defects can arise in the film itself due to boundaries 
between crystalline domains in the channel.*^"^^^'*^"*^* 
In any case, /<,»fT. which is inferred from the drain 
current characteristics of the TFT (see eq 5.7), is often 
1 -3 orders of magnitude less than //... This is clearly 
indicated from the data in Fijaare 5-24. where //»n is. 
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plotted vs electric field for a-6T TFTs with different 
channel lengths. It is found that /t,.fi < 0.03 cm-/(V 
s) for the shortest gates (and hence those gates whose 
dimensions are comparable to the crystalline grain 
size), a value considerably smaller than expected for 
bulk material (indicated by the dashed line*. For 
these reasons, devices employing gate insulators have 
characteristics significantly inferior (i.e., lower gains, 
high r operating voltages, larger dark channel con- 
ductivities) to those cased on thermally grown SiO-i 
on Si substrates. 

Attempts to increase )Uen hv doping, as has been 
demonstrated for In and Sb incorpor^^tion into C^o 
channels,***® unfortunately also increases to unac- 
ceptably high levels due to the resulting increase in 
channel conductivity by nearly 6 orders of magnitude. 

The device whose characteristics are shown in 
Figure 5-23b was fabricated on a poly(parabanic acid) 
resin substrate which allowed for flexing of the 
completed devices. The metal (Ag or Au) gate 
electrode was sputter deposited onto the substrate, 
followed by the casting of a polymeric gate insulator 
(cyanoethylpullulan). Vacuum deposition of 500 A 
of a-6T formed the channel, followed by evaporation 
of Au source and drain electrodes. The completed 
device had L = 50 /im, W = 2.5 mm. Device 
performance characteristics include gm — 3 x 10 " 
S, ^eff = 0.46 cm2/{V s), Vjh = -1.3 V, go = lO"** S at 
Vds = -20 V and Vgs = -8 V. and fj = 30 kHz. The 
highest ^efTreported269 '»04.409 f^,^^ q j 1.5 cm-/(V 

s) obtained for vacuum-deposited pentacene films on 
thermally grown SiOa using the TFT configuration 
shown in Figiu^e 5-23a. Similar structures have also 
been demonstrated^^' with hssJIm > 1^^. These 
values are similar to those obtained^^^ with a-Si:H 
used in AMLCDs. While a weak increase in mobility 
of many organic films has been observed with in- 
creasing electric field^* 26:.38i.4io (^j^j therefore Vgs), 
there is little prospect for exceeding ;/efr ^1-5 cmV 
(V s) at room temperature using even perfectly 
ordered planar stacking molecules since the Uo is 
ultimately limited to these values by thermally 
induced molecular librations. For pentacene TFTs, 

Men ^ /^o. 

Given fi^n = 1 cm-/(V s), L = 5 //m, and Vcs - Vt = 
10 V, we obtain a maximum bandwidth of /V = 8 MHz 
which is suitable for many display and low-cost 
electronic circuit applications. 

The role of mesoscopic organization has been 
investigated for 6T-based TFTs, where the substrate 
temperature was varied during vacuum deposition.-*** 
For this molecular structure, charge propagates along 
the stacking axis which therefore must be oriented 
parallel to the substrate plane to ensure high-channel 
mobility using the geometry in Figure 5-23a. Devices 
fabricated by deposition at room temperature or 
below tend to nucleate with their stacking axis 
perpendicular to the plane.***- thus leading to a low 
mobility (2 x IQ-^ cm^AV s». The mobility is further 
reduced for growth at the lowest temperatures (77 
K) due t impurity adsorption onto the cold sub- 
strates. As noted in section 2, deposition onto cooled 
substrates necessitates gro>^'th under UHV condi- 
tions if impurity incorporation into the film is to be 
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minimized. The room temperature deposition re- 
sulted in polycrystallites with --50 nm diameters. 
However, at higher temperatures (>190 X) the 
preferred molecular orientation with stacking paral- 
lel to the substrate plane is achieved. Large poly- 
crystallites (30 X 200 nm-i with this orientation are 
observed, leading to mobilities as high as 2.5 x 10 - 
cm-Vf V s I along with a low film dark conductivity. At 
the highest temperatures of growth (260 °C). rough 
surface morphology develops, typical of most of the 
materials discussed in section 3. While these films 
do not have a mobility as high as pentacene, they 
nevertheless have a very low dark conductance 
(-10"' S cm"*) required for high transistor gain and 
switching ratio. Attempts to anneal the as-grown 
layers of lutetium and thulium bisphthalocyanines 
(Pc2Lu and PciTm, respectively), as well as for a-6T. 
at 150 "C has also led to an increased domain size, 
and hence an increased mobility.^^""**^" As discussed 
in section 3, this high-temperature process can result 
in some film rearrangement which may increase the 
polycrystallite diameter in the channel. Systematic 
studies of rapid thermal annealing of a-6T TFTs have 
shown-**^ that heating the film near to its melting 
point significantly increases grain size, which leads 
to a concomitant increase in the device on/off (loss/ 
/do) ratio and a decrease in Vt to near 0 V. Indeed, 
heating above the film melting point appears to 
completely eliminate deep grain boundaries between 
adjacent a-6T islands. 

Since most TFTs are generally operated in the 
accumulation mode, this places constraints on the 
types of circuits that can be realized. The most 
ubiquitously employed integrated circuit technoIog>' 
used today is based on Si complementary metal - 
oxide semiconductor (CMOS) field effect transistor 
(FET) electronics. The ability to fabricate both p- and 
n-channel FETs in a single integrated circuit plat- 
form allows for the realization of very low power 
dissipation circuits which only draw current when a 
transistor is switched. However, in circuits where 
only a single layer organic fihn is used for the channel 
of all transistors, complementary logic is not possible. 
Dodabalapur et al.-^^*^ addressed this issue by 
demonstrating a novel device in which a 100-200 A 
thick p-channel layer (a-6T) and a 200-400 A thick 
n-channel layer (Ceo) were sequentially deposited on 
an SiOo gate (L = 4 um) insulator. By using either 
positive or negative Vqs, the transistor was able to 
conduct either electrons or holes in the accumulation 
mode. The operation of this device can be understood 
in terms of the band diagram in Figure 5-25a. which 
shows the results of ionization potential measure- 
ments of the relative positions of the HOMO and 
LUMO levels of a-6T and Ceo obtained in vacuo from 
photoelectron spectroscopy data."**^***^ When I'o > 
0, the HOMO of the a-6T rises above the Fermi 
energy deft diagram. Figure 5-25a), opening conduc- 
tivity in the p channel which is in the accumulation 
mode. However, when Vcs ^ 0, the energy •well'' 
formed at the a-GT/Ceo heterointerface ' right dia- 
gram. Figure 5-24a) provides an n-type accumulation 
channel. The resulting ''bipolar" /n> vs Vds charac- 
teristics in both n and p accumulation modes are 
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Figure 5-25. (a) Proposed energy band diagrams of the 
heterojunction transistor in the p-channel and n-channel 
modes of operation. In the p-channel mode, an accumula- 
tion layer of holes is formed at the a-6T/Si02 interface, 
while in the n-channel mode, the accumulation layer of 
electrons is formed in the Ceo at the Csc/a-GT interface, (b) 
Drain current characteristics for the heterostructure TFT 
in p-channel mode (A) and n-channel mode (B) of operation. 
The device gate length is L = 4 (from ref 266). 

shown in Figure 5-25b, with a clear shift in polarity 
of /ds and Vus for these two cases. Analysis of these 
characteristics in both modes yields an eflective 
channel mobility of fi^tf =4 x 10"^ cmV(V s) (with Vt 
=5; 0 V) for p-channel operation, and ^etr = 5 x 10'^ 
cm^/(V s) (with Vt ^ 40 V) for n-channel operation. 
"AThile both the mobility and threshold voltages of this 
TFT were not as good as discrete p- and n-channel 
TFTs, it nevertheless is an important demonstration 
of the potential for using organics for complementary 
logic circuit applications. Indeed, these device char- 
acteristics critically depend on the film thicknesses 
used, as well as on their crystalline quality,-^ sug- 
gesting that there remains considerable room for 
improv ment as these parameters are brought under 
control. A further outc me of this work is that it 
demonstrates that semiconductor-like band pictures 
can be used to understand some of the more complex 
behavior of narrow bandwidth molecular organic 
compounds employed in electronic device structures. 
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6.0. The Future of Ordered Organic Thin Films 
Grown in the Vapor Phase 

6.1. Limitations of OMBD 

Ir this review, we have shown that vacuum growth 
of small molecular weight organic molecular crystals 
can lead to unprecedented control over the structure 
and piuity of the resulting thin films. This is 
particularly true when using the ultrahigh-vacuum 
process of organic molecular beam deposition em- 
ploying highly purified organic source materials. 
OMBD has been demonstrated to result in long range 
crystalline order of the as-grown films. If the ap- 
propriate thermodynamic conditions are chosen dur- 
ing growth, unique crystalline thin-film structures 
can be realized whose characteristics depend on the 
detailed balance between growth kinetics, substrate- 
film interactions, and the degrees of freedom avail- 
able to the organic crystal itself. Long-range order 
and strain incorporated during growth do not always 
result in defects. On the contrary, "templating" by 
the substrate has led to the growth of crystalline 
isomorphs which differ significantly in both structure 
and properties from the bulk. Overall, lattice match- 
ing of organic films to the substrate structure does 
not appear to be influential in generating low defect 
density films, as is the case in inorganic semiconduc- 
tor epitaxial film growth. 

By manipulating the film structure and achieving 
ultrathin, ordered OMCs, OMBD nas made the 
growth of multilayer structures such as organic 
multiple quantum wells a reality. These organic 
MQWs have been instrumental in revealing impor- 
tant physical properties of OMCs which were, prior 
to this point, inaccessible. For example, organic 
MQW structures have been grown which clearly 
demonstrate excitonic quantum size effects, provid- 
ing, for the first time, direct measurements of exciton 
radius of extended charge- transfer states which have 
long been viewed as an essential element in organic 
semiconductor photoconductivity and other optoelec- 
tronic phenomena. The film perfection achieved in 
OMBD growth has led to increased carrier diffusion 
lengths which has already been used to increase 
organic solar cell efficiency, as well as to increase the 
effective channel mobility in organic thin-film tran- 
sistors. In particular, initial results obtained for 
MQWs consisting of organic heterojunctions as well 
as hybrid organic/inorganic multilayers have sug- 
gested that these structures may provide significant 
performance improvements in photovoltaic and pho- 
toconductive devices. Perhaps the most complex 
device demonstrated to date employing OMBD-grown 
films, and one that most clearly demonsti ate.<% their 
promise, is the three-color, stacked light emitting 
diode discussed in section 5.3 (see Figure 5-21). That 
device, consisting of 12 different layers composed of 
amorphous and crystalline organic thin films, metals 
and conducting oxides, to our knowledge can only be 
achieved using vacuum-deposited organic semicon- 
ductor materials. The successful demonstration of 
such a complex structure was made possible by 
steady scientific and engineering progress made in 
understanding organic molecular compounds by nu- 
merous laboratories worldwide over the previous 10- 
15 years. 
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In spite of this remarkable progress, vacuum 
growth of highly ordered organic films is only just 
now being exploited to the extent that practical 
applications may be achieved for active optoelectronic 
organic thin-film devices such as those discussed in 
section 5. There still remain both significant op- 
portunities and problems in OMBD growth of organic 
thin films and the devices which employ these 
materials. For example, many of the same capabili- 
ties provided by MBE of inorganic compounds may 
also apply to the growth of organic thin films. We 
showed in section 3.4 that molecular layer deposition 
(which is analogous to atomic layei epitaxy) can be 
used to obtain saturated monolayer growth control 
over organic superlattices.^ This was implemented 
by precise substrate temperature control which al- 
lowed for selective adsorption of alternating mono- 
layers of functionalized organic molecules. Extend- 
ing this control to two dimensions via such techniques 
as laser-assisted growth"*^" may eventually allow for 
in situ patterning of films across a substrate surface. 

Electric fields applied either parallel or perpen- 
dicular to the substrate surface during growth in 
UHV has also been demonstrated to be useful in 
manipulation of structure. These techniques have 
been appfied to both small molecular weight polar'*^^ 
and nonpolar^i^ OMCs, and polymers^2o-424 ^ 
means to orient dipolar molecules with large nonlin- 
ear optical coefficients. The applied fields are a 
means for in situ molecular poling, similar to meth- 
ods used to align electrooptic chromophores in poly- 
mers hea*ed above their glass transition tempera- 
ture.^^ For this purpose, orienting the field in-plane 
using closely spaced electrodes pre-pattemed on the 
substrate prior to growth^*^-'*^! -»23.424 ^^^.^ 

effective in generating high fields which are suf- 
ficient(> 10^ V/cm) to induce molecular ordering, than 
using fields oriented perpendicular to the substrate 
using external field apparatus such as grids,^^®^^? 
where comparatively small fields (-lO"* V/cm) are 
possible. 

The use of electric fields in orienting molecules 
during growth was clearly demonstrated in two 
experiments performed on strongly polar,"*^^ vi- 
nylidene flouride (VDF)-based thin films. In the first 
series of investigations/^? 3900 A thick VDF/trifluo- 
rethylene (TrFE) copolymer films with 73% VDF 
were deposited in vacuum at a pressure of 3 x 10"^ 
Torr at a rate of 2.5 A/s and with Tsuh = 25 ^C. In 
this case, electric fields as high as 62 kV/cm were 
oriented normal to the substrate which consisted of 
a metal (Cu or Al) contact predeposited onto an 
optically flat Si02 slide. The orientational depen- 
dence of the resulting films on electric field are shown 
by the energy dispersive X-ray diffraction pattern 
shown in Figure 6-la. Here, the peak identified as 
the (110) or (200) Bragg reflection is seen to increase 
in strength as the field is increased. This feature is 
due to the molecular axes of form I VDFyTrFE 
crystals oriented parallel to the substrate as field is 
increased. This is equivalent to the molecular dipole 
moment, shown schematically in Figure 6- lb also 
lying parallel to the electric field direction. As 
anticipated, the degree of alignment was reduced as 
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Figure 6-1. (a) Total reflection dispersive X-ray difiraction 
patterns of evaporated films of VDF/TrFE showing the 
dependence of the (110) and (200) reflections for various 
applied electric fields, (b) Schematic representation of the 
proposed molecular orientation to the substrate when the 
sample is evaporated with (left) and without (right) the 
application of an electric field (from ref 422). 

the substrate was heated, resulting in nearly com- 
plete disorder as the temperature was increased 
above 100 °C. 

As a final test of the useftilness of the application 
of the electric field during the growth process, the 
structure of films grown under high electric field were 
compared with those grown in the absence of such 
fields. It was found that only a very small { 1 10 ).( 200 ) 
peak intensity was observed for the latter films as 
compared with that observed for films deposited 
under high electric fields (42 kV/cm). In addition, it 
was not possible to recover the peak intensity by post- 
poling the precrystallized films; that is even after an 
electric field was applied in vacuuo at Tsub = 140 °C 
for 1 h immediately following deposition, no ad- 
ditional film alignment was induced. 

In a second series of experiments on a similar 
compound, the effectiveness of in-plane fields was 
explored as a means for molecular "poling^ during 
growth/23 In this case, deposition of poly-VDF 
(PVDF) was done on glass substrates in the 50 ura 
gap between Al electrodes across which fields of up 
to 160 kV/cm were applied. Conditions for these 
experiments included deposition at 7.5 x 10'^ Torr 
at a rate from 0.18 to 0.31 A/s for substrate temper- 
atures maintained between -130 and 100 °C. As has 
been viridely observed for thin film growth by OMBD 
(see section 3), rough surfaces were observed at the 
highest (-100 **C) temperatures, and thus only 
results for T.ub < 80 °C were reported. Second- 
harmonic intensity (SHG) of the as-deposited films 
was jsed as the means to investigate the order of 
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Figure 6-2. (ai Ratio of second-order nonlinear suscepti- 
bility tensor elements. R = XxyJXi^ for PVDF films as a 
function of substrate temperature during growth. As R 
decreases, the dipole orientation in the direction of the 
applied electric field (i.e., in the substrate plane) increases, 
(b) Relative second-harmonic generation intensity as a 
function of annealing temperature for films deposited in 
the presence of an electric Held (open circles), and for films 
deposited in the absence of field and poled after deposition. 
The SH intensities are normalized to their room temper- 
ature values (from ref 423). 

the product. In this case, a decreasing ratio of the 
nonlinear susceptibility tensor elements, R = x^yJxxxx 
is interpreted as an increase of dipole orientation in 
the direction of the applied electric field (i.e., in the 
substrate plane defined as the x^y plane in this work). 
Two observations were made, as is apparent in 
Figure 6-2: (i) Dipole alignment increases as sub- 
strate temperature decreases, as is apparent from a 
decrease in by a factor of two as Tsub is lowered 
from 100 to - 130 °C. (ii) The SHG efficiency of films 
deposited in the absence of an electric field, and then 
f)Ost-poled in situ at Tsub = 25 °C in an electric field 
of 160 kV/cm was negligibly small compared to films 
deposited in the presence of such a field (Figure 6-2b). 
This latter result is similar to that found by Yoshida 
and co-workers'*^^ in applying fields normal to the 
substrate. This suggests that the dipoles in post- 
poled films could not be efficiently reordered since 
the energy stored in the large crystalline domains 
which are produced dxiring growth (particularly when 
Tsub is small) is very large. In contrast, during 
growth, the molecules themselves along with small 
clusters of molecules nucleating on the surface, are 
easily reoriented by the application of the modest 
electric fields employed in these experiments. 

These experiments are very promising in that they 
open new avenues for manipulating the structure of 
polar molecular crystals, thereby enhancing a desired 
property of the materials. Many other methods, such 
as application of magnetic fields, local substrate 
temperature control, or irradiation with strong opti- 
cal fields may also prove useful for in situ tailoring 
the structure of OMCs deposited by OMBD in the 
near future. 

One significant shortcoming of OMBD is that it is 
inherently limited to growth of compounds which are 
UHV compatible. While this property is essential if 
environmentally stable, single-component systems 
are desirable, which is overwhelmingly the case for 
use in any practical application, there are numerous 
compounds consisting of two or more organic molec- 
ular speci s whose structures might individually be 
volatile tand hence incompatible with UHV deposi- 
tion processes 1, although the compound itself might 
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Figure 6-3. (a) Perspective of a unit cell of DAST and (b; 
proposed scheme for the synthesis of DAST molecules by 
organic vapor phase deposition (from ref 430). 

be highly stable. An example compound with these 
properties is the organic salt, 4'-(dimethylamino)-N- 
methyl-4-stilbazolium tosylate (DAST) shown in Fig- 
ure 6-3a, which has been shown to have a second- 
order susceptibility value of x'^' 10^ times greater 
than that of urea due to dipole alignment of its cation 
and anion constituents.^^® Although in situ reactions 
of multicomponent organic molecules to synthesize 
polymer films previously have been demonstrated 
using such vacuum techniques as physical vapor 
deposition or vapor deposition polymerization,"*^" at- 
tempts in our laboratory at double-source coevapo- 
ration of the DAST neutral precursors 4'-(dimethy- 
lamino)-4-&tilhazole (DAS) and methyl p-toluene- 
sulfonate (methyl tosylate, MT) to form DAST have 
been unsuccessfld due to the radically different vapor 
pressures of DAS and MT, which leads to highly 
nonstoichiometric growth. To solve problems of 
incongruent growth employing high-vapor pressure 
molecular precursors incompatible with the UHV 
environment, vapor-phase epitaxy has been devel- 
oped to grow epitaxial thin films of many III-V 
compound semiconductors, such as InP and GaAs.^^'' 
Here, a high vapor pressure compound (typically a 
metal halide or a metallorganic) of each respective 
metal is carried independently, via a carrier gas, into 
a high-temperature reaction zone. In that zone, the 
compounds are deposited onto a heated substrate 
where they thermally decompose and react to yield 
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Figure 6-4. Schematic layout of a low-pressure, organic vapor-phase deposition system currently used in the author"; 
laboratory. 



the desired III-V compound. The excess reactants 
and reaction products are then exhausted from the 
system via a scrubber. 

An analogous technique was recently developed to 
grow DAST by the reaction of two volatile organic 
materials in a hot-wall, atmospheric pressure reac- 
tQj. 429.430 Nuclear magnetic resonance (NMR) analy- 
sis was used to determine that the stoichiometry of 
polycrystalline DAST films grown by this novel 
technique was >95% pure (limited by instrumental 
sensitivity). By using X-ray and e-beam diffraction 
and other analytical methods, a significant depen- 
dence of film quality, such as ordering and crystallite 
size, on the substrate composition and other deposi- 
tion conditions used for growth was found. This 
suggests that it may be possible to generate optical 
quality thin films of DAST and similar organic salts 
and compounds by OVPD using suitable substrates. 

The reaction scheme for the preparation of DAST 
by OVPD is shown in Figure 6-3b. In step 1, thermal 
demethylation of 4'-(dimethylamino)-iV-methyl-4-stil- 
bazolium iodide (DASI) gives neutral DAS with the 
elimination of volatile CH3I. In step 2, the DAS 
reacts with MT, resulting in methylation of the 
pyridine ring at the nitrogen atom. The resulting 
stilbazolium and tosylate ions form DAST crystals. 

The OVPD reactor designed to grow DAST by the 
proposed scheme is shown schematically in Figure 
6-4. The reaction tube is a hot- walled glass cylinder 
in which an alumina crucible filled with a small 
amount of DASI is placed in a hot zone of the furnace 
while a stream of pure No gas provides a slight 
pressure gradient, causing the DAS vapor to flow 
along the reactor tube. The very high vapor pressure 
MT is loaded into a glass bubbler whose temperature 



is maintained by a silicone oil bath. Again, N2 gas 
passes through a flow meter and bubbles through the 
MT, thereby carrying its vapor through a heated 
transfer tube (to prevent recondensation prior to 
introduction into the hot zone) into the furnace tube. 
The DAS vapor mixes with the MT vapor in the 
reaction zone, along which a temperature gradient 
is maintained. There it reacts to form DAST on 
substrates supported along the length of the tube. 
Excess, unreacted MT vapor, and any volatile side- 
reaction products, are exhausted from the cold end 
of the reactor. To avoid diffusive flow conditions 
which tend to result in highly nonuniform film 
morphology, growth is carried out at reduced pres- 
sure (typically 5 Torr). 

Optimal growth of the reddish-brown DAST films 
results, thus far, in somewhat textured film surfaces 
as shown in the micrograph in Figure 6-5, where a 
surface roughness of --200 A is observed for the 2 
/vm thick film shown. Such films are obtained at 
substrate temperatures between 140 and 150 °C in 
the -200 '^C reaction zone. The DASI crucible 
temperature is 253 ± 2 °C, and the MT bubbler is 55 
± 2 ''C.-*^^ resulting in growth rates of -1-10 A/s, 
depending on the gas flow rates and the diameter of 
the reactor tube. The films, grown on amorphous Au 
substrates, are polycrystalline,^^ suggesting that 
substrates with appropriate structure and symmetry 
are needed to initiate more ordered growth. Never- 
theless, the structural and chemical purity of the 
films give rise to intense second harmonic generation 
at A — 0.95 wm, approaching that of pure, oriented 
DAST crystals."*-^ 

While the OVPD method has shown promise of 
growing multicomponent films con5istin;ir of organic 
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Figure 6-5. Optical micrograph of a 2 /^m thick fihi; ot 
DAST grown by organic vapor phase deposition. A slight 
surface texture is apparent from this micrograph. The 
second-harmonic generation intensity of such films is 
approximately equal to that obtained for bulk DAST grown 
from solution (ref 429). 

molecular constituents with widely different vapor 
pressures, as in the case of most such techniques, it 
is difficult to maintain precise control over both 
substrate and reactor temperature. This suggests 
that adapting the method to growth in UHV condi- 
tions has the potential of yielding very ordered films 
(similar to those discussed in section 3) while at the 
same time assuring the purity of the product. Such 
a technique would be similar to "chemical beam 
epitaxy", or CBE, employed in the growth of III-V 
and II-Vl compoimd semiconductor materials. 
By analogy to CBE, the high volatility molecular 
constituents can be introduced into a UHV, organic 
chemical beam deposition (or OCBD) chamber similar 
to that shown in Figure 2-1 via a bubbler and 
appropriate gas injector. The low vapor pressure 
adducts can be evaporated from standard effusion 
cells, similar to those used in conventional OMBD. 
By heating the precursor molecules to sufficiently 
high temperatures, they can be reduced to their ionic 
states (i.e., '^cracked"), thereby allowing for the 
g:rowth of the desired, two-component compound. 
This straightforward hybrid combination of OMBD 
and OVPD may eventually allow for the growth of a 
considerably expanded range of organic materials, 
including organic salts (such as nonlinear optical 
compounds exemplified by DAST, superconducting 
materials such as the Bechgaard salts, or charge- 
transfer complexes), and doped compounds such as 
those required for high luminance organic light 
emitting de\nces (e.gr, TPP in Alqa). 

Note that in the example of guest-host systems, 
controlling the doping of one molecular species at low 
concentrations (--l'7f) in a high concentration organic 
matrix, is extremely difficult using conventional 
vacuum evaporation techniques. The reason for this 
difficulty is easily understood when we consider 
that the evaporation rate follows an exponential 
dependence: R ^ expi-L^-fJkT). where U-^ is the 
latent heat of sublimation of a material. To introduce 
a small concentration of a guest chromophore into a 
host matrix, the temperature of the Knudsen cell 
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must therefore be very carefully adjusted to avoid 
rapid, uncontrolled evaporation. However, using the 
process of OVPD (or OCBD), the dilution of the guest 
is primarily determined by the carrier gas mass flow 
rate rather than the bubbler or boat temperature, 
which is far easier to control to the required accuracy. 
Hence, OVPD, or its high-vacuum analog, OCBD, 
potentially offers many advantages in the deposition 
of organic thin-film materials consisting of more than 
a single molecular organic component. 

Finally, we note that the ability to initiate ordered 
growth on all substrates requires the existence of a 
substrate potential which is spatially varying with 
a symmetry similar to that of the adsorbed film. 
While we have seen that such substrate "templating^ 
may exist on glass substrates,^ polymers,^^^*^*^^ 
step edges,^^^ rubbed substrates,^^* and even crys- 
tals, the requirements which must be satis- 
fied to provide a substrate leading to a high degree 
of order in the resulting film are not straightforward 
to achieve. One very promising approach which has 
only just begun to be followed is that of substrate 
**templating", or derivatization, using self-assembled 
monolayers of functional organic molecules prede- 
posited (generally from solution) onto the inorganic 
substrate surface.***^^^® A surface molecule which 
chemically reacts with the vacuum deposited species 
can anchor the deposited molecule in an ordered 
monolayer as it arrives at the substrate. To be 
successful, the functionalized molecules must be 
deposited (perhaps by Langmuir-Blodgett or other 
wet chemical process) in such a way that a saturated 
monolayer completely fills the substrate surface area 
prior to the vacuum deposition of the desired thin 
film molecular species. These self-assembly tech- 
niques provide a unique ability to achieve ordering 
of the resulting layers. Properties that this templat- 
ing layer must possess are compatibility with the 
substrate temperatures, ultrahigh-vacuum environ- 
ment, and chemistry of the material to be deposited 
in the OMBD chamber. 

In addition to our need to extend the capabilities 
of the growth technology as discussed above, there 
remain numerous open questions regarding the 
physics and chemistry of OMCs. Given the struc- 
tural and material purity afforded by this precision 
growth technology, we now have, for the first time, 
a clear opportunity to construct structures which 
probe the fundamental physics of this fascinating 
class of materials. A primary goal of past work on 
UHV growth of organic thin films was to understand, 
in detail, the conditions which lead to organized 
mesoscopic and macroscopic molecular order. While 
initial work was focused on understanding equilib- 
rium structure, almost nothing has been done to 
explore the thermodynamic conditions leading to 
near-perfect thin-film growth. Acquiring such an 
understanding should have the immediate conse- 
quence of providing insight into the class of materials 
and the growth conditions needed to achieve long- 
range crystalline order. The nature of extended 
exciton states appears to be accessible using OMBD- 
grown organic nanostnictures. Correlation effects, 
the dependence on orbital overlap both in-plane and 
normal to the stacking axis, charge transport across 
organic and organic/inorganic interfaces, and many 
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other fundamental phenomena still require consider- 
able study using such structures before this class of 
materials can be fully understood and exploited for 
a particular device application. We note that many 
organic systems such as planar stacking molecules 
typified by PTCDA, support one-dimensional trans- 
port By growing ultrathin films of such materials 
a OD environment is created. Hence, OMBD of 
nearly perfect nanostructures appears to be an excel- 
lent means to probe transitions from 3D to 2D to ID 
to OD phenomena. 

Finally, fimdamental questions persist on the role 
that defects play in determining the optoelectronic 
properties of OMCs. We stUl need to explore how 
dislocations, molecular fi-actions, and other impuri- 
ties affect carrier transport and the optical properties 
of this important and enormous class of materials 
Once this is fully understood from both a theoretical* 
as well as empirical viewpoint, we will be able to 
appreciate the importance of UHV growth techniques 
such as OMBD in achieving and tailoring the materi- 
als properties desired. 

6.2. Applications on the Horizon 

It is becoming increasingly apparent that the 
control over thin-film structure (with the ability to 
momtor the evolution of structure in real time), and 
ultrahigh materials purity uniquely afforded by 
growth in UHV are important for producing high 
performance devices with manufacturing yields and 
long operational lifetimes sufficient to generate a 
cost-efl.-^ctive device technolcg-y. The properties of 
almost all optical and electronic devices are sensitive 
to control of vertical device dimensions (i.e layer 
thicknesses) and material doping. For example a 
practical display technology must be based on pixels 
with highly uniform operating characteristics (e g 
operating voltage and current), and extremely high 
device yields across the full display area which may 
consist of >106 individual hght-emitting elements 
extending over >W cm\ As we have shown in 
section 5 3, these properties are strongly determined 
by the ability to deposit very thin films (-200-500 
A thick) with extremely high thickness uniformity 
across these large areas. To our knowledge, only 
vacuum deposition currently provides this level of 
control, and only UHV processes such as OMBD can 
ensure the requisite control over material purity. 

A key performance factor of any practical technol- 
og>' IS cost. Indeed, the potential for producing an 
entu-ely new class of extremely low cost devices is 
one of the principal reasons that organic thin films 
are of interest. Hence, it is reasonable to question 
whether UHV techniques can lead to low production 
costs. Experience in Ill-V-based devices has cer- 
tainly mdicated that MBE growth can produce large 
volumes of ultralow-cost components, the most no- 
table example being the fact that in 1995, -50% of 
the worldwid production of compact disc lasers^^' 
(with a wholesale price of -$1) was accompUshed via 
MBE. Hence, while the infrastructural costs of UHV 
growth are high, this does not necessarily present a 
barrier to the low-cost manufacture of optoelectronic 
components. The purity and uniformity afforded by 
OMBD appear to be essential for the understanding 
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of organic materials, and in particular the growth of 
solar cells, OLEDs, TFTs, and numerous other de- 
vices. Whether or not these conditions can be relaxed 
in an effort to further reduce cost will largely depend 
on the requirements of the specific application. 

Numerous device opportunities which can be 
addressed using vacuum deposited organic thin 
films remain to exploited. One area of particular 
interest is in electrically pumped, organic thin-film 
lasers.^^ -*^--*^ Such devices have potential app.Mca- 
tion for very low cost optical memory reading and 
recording, printing, laser scanners, etc. Some unique 
features of electrically pumped organic lasers would 
include ease of integration with electronic intercon- 
nection ribbons and other such "platforms'*, acces- 
sibility to a wide range of emission wavelengths via 
molecular compositional tuning, and insensitivity of 
the output power and wavelength to wide variations 
in operating temperature. 

Stimulated emission by optical pumping of solid- 
state organic materials is well known, with the first 
demonstration of lasing in dye-doped gels and mo- 
lecular crystals in the late 1960s.*^^-^'»" Demonstra- 
tion of similar effects in conducting organic thin films 
can therefore lead to an entirely new class of electri- 
cally pumped laser diodes based on organic semicon- 
ductor thin films, provided that sufficiently low 
optical pump threshold energies can be obtained. 

Lasing (in contrast to amplified spontaneous emis- 
sion, superluminescence or related phenomena) can 
be unambiguously identified from five phenomena: 
(i) a clear indication of a threshold in output energy 
as a function of input (or pump) energy, with a high 
lasing efficiency above threshold, (ii) strong output 
beam polarization, (iii) spatial coherence (as indicated 
by a diffraction-hmited output beam or sp ckle), (iv) 
significant spectral line narrowing, and (v) the exist- 
ence of laser cavity resonances, or modes. While 
several recent reports on polymer-based optically 
pumped thin films have discussed structiu-es exhibit- 
ing one or two of the above phenomena.^^^"*^^ to 
our knowledge, the only report to date where lasing 
is clearly identified in conducting organic films is in 
Alqs doped with DCM*^^ (g^^ Figure 6-4). In that 
v/ork, a very low lasing threshold at a pump energy 
density of 1 fij/cm^ with a 500 ps excitation pulse, 
was reported. 

Alqa doped with DCM provides an excellent laser 
material^ since the red stimulated emission of DCM 
at a wavelength of A = 645 nm is far from the 
ultraviolet absorption edge of the Alqa host (at A = 
450 nm),^^ while the absorbance of the DCM is 
centered near the emission maximum of Alqa (at A = 
530 nm), thereby providing for efficient Forster 
energy transfer^^ fix)m UV-excited Alqs. Doping also 
allows for reduction of the density of the optically 
active DCM molecules (thereby reducing the effective 
density of states), which lowers the threshold and 
mcreases the efficiency of a laser.^^ In fact, efficient 
orange electroluminescence for DCM doped Alqa films 
has been demonstrated.^^ 

Lasers shown in Figure 6-6 were grown on InP 
substrates precoated with a 2 /^m thick layer of SiOo, 
deposited by plasma-enhanced chemical vapor depo- 
sition. The organic films were deposited bv high- 
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vacuum coevaporation of 40:1 (mass ratio) Alqa and 
DCM. A 3000 A thick film of Alqa/DCM (with optical 
mdex of refraction n = 1.7) forms a slab optical 
waveguide, with Si02 (/z = 1.4) as a cladding layer 
on one side, and air (^ = 1) on the other. Prior to 
organic film deposition, the (100) InP substrate was 
cleaved, ultimately defining the laser length while 
forming parallel edges. The vacuum-deposited or- 
ganic film conforms to the shape of the underlying 
substrate, resulting in optically smooth, parallel 
facets with reflectivities -^7%. 

The pump provided lateral confinement using the 
focused beam from a pulsed nitrogen laser (A = 337 
nm, pulse width = 500 ps at a 50 Hz repetition rate), 
as shown in Figure 6-6. A photograph of an operat- 
ing slab laser device also shown in Figure 6-6 
indicates a well-defined beam of bright red laser 
emission in a direction orthogonal to the facets. 
Figure 6-7a shows a high-resolution spectrum for a 
short cavity, 500 long slab laser, revealing 
numerous peaks (inset) evenly spaced at 2 A and each 
with a <1 A FWHM, corresponding to the free 
spectral range of the cavity, clearly indicating reso- 
nant cavity modes. The laser output power was 
highly stable— i.e., no significant degradation in the 
laser performance was observed after operating -24 
h at a very high peak power of -50 W in a nitrogen 
atmosphere (-4 x 10® pulses). Such stability is 
essential for the eventual practical application of 
electrical injection lasers based on these compounds. 
Finally, the dependence of output energy on the 
pump en rgy for the devices, shown in Figure 6-7b, 
clearly indicates a threshold. To reduce mirror 
losses, long (-1 mm) laser cavities were used to 
obtain the differential quantum efficiency (;;) above 
threshold. It was found that 17 = 309c for the slab 
device. 
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Several advantages to using vacuum deposited 
organic films are readily apparent from these early 
experiments. For example, facet formation is easily 



f ^/nn ^^^^ resolution edge emission spectrum 

of a 500 long slab laser at a pump energy density of 
1.7 /iJ/cm2. Inset: A portion of the same spectrum under 
higher resolution, showing evenly spaced resonant cavity 
modes and mdicating a modal FWHM < 1 A. (b) Depen- 
dence of output energy near threshold for a 1 mm long slab 
device. Solid lines are fits to the data yield an external 
efficiency above theshold of --30<7f (from ref 443). 

accomplished simply by depositing the films on a 
substrate with sharp, parallel edges. Alternatively, 
the facets can be formed by cleaving of the substrate 
after film deposition. In either case, no external 
feedback, or etched facets which tend to reduce 
performance are required, as may be the case in 
polymer structures. Furthermore, the films are 
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extremely flat and smooth, resulting in very low 
scattering losses along the cavity, along with the 
ability to form very abrupt interfaces between ul- 
trathui organic layers which may be necessary in the 
fabncation of double heterostructure injection lasers 
Compatibility between two different vacuum-depos- 
ited layers is also rarely an issue in choosing materi- 
als and structures best suited for a particular device 
application. Given that a laser typically consists of 
several layers with different optical and electronic 
ninctions, this materials compatibility is an ex- 
tremely advantageous feature as compared to the 
situation m polymers and inorganic semiconductors. 

Many issues must still be addressed before a 
practical, electrically pumped device can be realized 
r° ^J^^IT^'^*""" presents the largest limitation 
to OLED hfetune. This problem is considerably more 
diflicult to resolve in lasers where the current densi- 
ties are mcreased by a factor of lO* or more over that 
used m OLEDs. Indeed, if we assume that the 
mtnnsic lifetime of the organic materials is -10* h 
at an intensity of 100 cd/m^ (which corresponds to a 
dnve current of ~1 mA/cm^ for most OLEDs of 
moderate efficiency), then the intrinsic CW solid state 

T^^nu l^^'" ''^""'"^ "'^y ^ in the range of 
1 10 h. This IS clearly inadequate for most practical 
appLcations and must be increased by increasing the 
luminance efficiency (or optical gain) of the organic 
materials by employing pulsed operation (which can 
increase the lifetime by at least the inverse of the 
laser duty cycle), and by choosing organic molecules 
which are extremely robust in the presence of the 
large current densities and optical field intensities 
found in laser cavities. 

Other devices which have the potential for trans- 
fonmng various device industries include very high 
efficiency organic photovoltaics as discussed in sec- 
tion 5.2. Use of multilayer stacks to improve ef- 
ficiency has shown early promise, although to date 
the best power efficiencies lie between 1% and 2% 
The need for structural order and precision afforded 
by the OMBD process will be required to make 
lurther progress in this important application area 
Whether or not success will ultimately be achieved 
will depend critically on increasing the current 
research effort concentrated in this field. 

There appear to be numerous opportunities for 
organic thin-film devices in nonlinear optic applica- 
tions as well. However, most OMCs deposited in 
vacuum possess a center of symmetry, ebminating 
theu- usefidness in x'^> appUcations such as electroop- 
tic modulators, ete. Once again, OMBD-grown MQW 
structures may have some limited application here 
By the appropriate choice of molecular species char- 
actenzed by a very high degree of orbital overlap 
between adjacent molecules, such processes as the 
quantum confined Stark effect may be employed to 
uicrease the second-order nonlinear effects in OMCs 
A more promising approach, however, is to use 
crystals with large built-in dipole moments such as 
the organic salts. As discuss d in section 6.1, suc- 
cessful growth of these multicomponent materials 
will require OVPD or modified OMBD such as 
organic chemical beam deposition. Furthermore, the 
modest vacuum combined with the horizontal glass 
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reactor geometry characteristic of OVPD and associ- 
ated techniques can be adapted to bulk materials 
growth using roU-to-roU deposition processes. This 
approach has considerable potential f r drastically 
reducing the cost of growth of molecular organic films 
deposited on polymeric or other lightweight, flexible 
substrates. 

Finally, we note that significant challenges remain 
in developing microfabrication processes for OMC- 
based devices. That is, a major impediment to the 
practical application of these materials is their fi^- 
ity when exposed to water, solvents, elevated tem- 
peratures, and other conditions commonly encoun- 
tered in standard semiconductor fabrication. Hence, 
to fabricate high-resolution displays. TFTs, or optical' 
waveguide devices requires redesign of many of these 
processing methods. One approach is to employ all 
dry patterning using reactive ion etehing and mul- 
tiple level photoresist and/or insulator (or metal) 
layers to prevent exposure to the wet chemistry used 
in photolithographic processes."* While early dem- 
onstrations of such modified fabrication methods 
have achieved modest success, it remains to be 
determined whether or not employment of these 
processes on a large scale will result in the high 
device yields and low costs inquired for practical 
implementation of small molecular weight organic 
thin-film devices. 

In conclusion, whether or not a new generation of 
optoelectronic devices based on vacuum-deposited 
OMCs will gain a foothold in the spectrum of ap- 
plications currently being fulfilled by more conven- 
tional semiconductor materials depends on three 
factors: (i) The ability of OMCs to provide a low-cost 
solution with higher performance than can otherwise 
be achieved, (ii) the successfid development of high 
yield, simple to implement, very low cost d vice 
fabncation technologies, and (ui) the long-term op- 
eraUonal and environmental stability of the materials 
used m the devices. Enormous strides have been 
made m resolving all of these issues, and OMBD of 
organic molecular thin films has played a major role 
m improving the reproducibility, stability, perfor- 
maiice and uniformity of organic nanostructures to 
levels which only a few years were not thought to be 
achievable. Hence, it is very likely that this technol- 
ogy will soon lead to the realization of a large class 
nMi^ V^'^ff systems based primarily on 
UMC thm films grown by high-vacuum deposition 
Most probably, the first such demonstrations will be 
orgamc electroluminescent displays which may be- 
come commercially available in the very near fiiture 



7.0, Conclusions 

In this review, we have described in detail the 
progress and current state-of-the-art in the high- 
vacuum growth technology of molecular organic thin 
films. We have shown that OMC thin films can be 
p-own mto highly ordered structures independent of 
lattice matehing with the underlying substrate 
provided that the substrate bond energy is suf- 
fiaenUy smaU. The resulting film structure is unique 
to van der Waals bonded solids in that significant 
strain can be maintained even for very thick films 
grown under nonequilibrium (i.e.. quasi-epitaxial. 



conditions. Furthermore, the resulting thin-film 
nanostructures have been used as laboratories'* 
useful in the investigation of fundamental optical and 
electronic properties of the materials. These inves- 
tigations have led to a deeper understanding of the 
physics of this enormous class of materials, while at 
the same time have shown that precision growth of 
the thin films afforded by the UHV process of OMBD 
can lead to significant modification of the materials 
properties which can be exploited in numerous device 
applications. We have discussed several archetype 
devices, and have shown that integrated organic/ 
inorganic devices such as waveguides and photo- 
diodes, solar cells, organic light-emitting devices, and 
thin-film transistors based on OMBD-grown thin 
films are just now reaching performance and cost 
1 vels which make them extremely attractive for use 
in a large range of optoelectronic systems appHca- 
tions. 

Given the relative youth of this technology, and the 
exciting and rapid advances made using organic 
molecular thin films, high-vacuum growth is poised 
to make a significant contribution to our imderstand- 
ing and exploitation of these exciting materials well 
into the next century. 
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